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Abstract—A colored graph is a directed graph in which either nodes
or edges have been assigned colors that are not necessarily unique.
Observability problems in such graphs are concerned with whether an
agent observing the colors of edges or nodes traversed on a path in the
graph can determine which node they are at currently or which nodes
they have visited earlier in the path traversal. Previous research efforts
have identified several different notions of observability as well as the
associated properties of colored graphs for which those types of observ-
ability properties hold. This paper unifies the prior work into a common
framework with several new analytic results about relationships between
those notions and associated graph properties. The new framework pro-
vides an intuitive way to reason about the attainable path reconstruction
accuracy as a function of lag and time spent observing, and identifies
simple modifications that improve the observability properties of a given
graph. This intuition is borne out in a series of numerical experiments.
This work has implications for problems that can be described in terms
of an agent traversing a colored graph, including the reconstruction of
hidden states in a hidden Markov model (HMM).
Index Terms—Graph theory, graph labeling, Markov processes, weak
models, tracking.
1 INTRODUCTION
CONSIDER an agent traversing a directed graph whosenodes (or edges) are assigned one or more colors. The
agent seeks to localize itself within the graph based on the
colors observed. In such problems, the nodes can represent
states, the edges can represent allowed state transitions,
and the colors can represent the discrete symbols that can
be emitted by a given state (in the case of node-colored
graphs) or a given state transition (in the case of edge-
colored graphs).
For example, in the cybersecurity domain, the nodes may
be the basic blocks of a software program’s control flow
graph (CFG), the edges may be the allowed control flow
transitions (dictated by jump, call, and return instructions
in the program), and the colors may be the specific signals
emitted in a side-channel (such as electromagnetic emis-
sions) [1], [2]. An additional example is the application of
non-probabilistic weak models to tracking targets in sensor
networks [3]. Although our formulations and framework
do not require probabilistic models for state transitions or
color emissions, the formulations can still be useful for
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understanding observability properties of stochastic models
such as hidden Markov models (HMMs) [4].
We consider various formulations of inferring the nodes
and edges visited by an agent when only the sequence
of colors emitted can be observed directly. What can be
inferred about nodes and edges is collectively called an
observability property. Previous work has identified several
classes of colored graphs, each having different implications
for the tractability and accuracy of this inference problem
[5], [3], [6]. The present work unites these concepts in a
comprehensive framework based on the presence or absence
of particular pathologies in the graph and its coloring. We
also provide a unified structure to reason about the effects of
specific pathologies and to design mitigations that improve
the observability properties of a given graph.
The readers should note that we are not studying the
more challenging problem of inferring the graph and its
coloring from sequences of color observations which is a
different computational problem [7]. In particular, we are
assuming that the graph and its coloring are known a priori
and not being learned by the observer.
The rest of the paper is structured as follows: Section 2
describes our notation and reviews the previous work on
colored graph models and observability classes. Section 3
presents the colored graph pathologies and discusses their
implications and possible mitigations. Section 4 presents the
relationships between colored graph observability classes.
Section 5 illustrates the implications of the various patholo-
gies using simulations. Finally, Section 6 summarizes the
contributions of this paper and discusses potential direc-
tions for future work.
2 BACKGROUND AND PREVIOUS WORK
2.1 Definitions: Colored Graphs, Weak Models, and
Hidden Markov Models
A node-colored directed graphG = (V,E, L,Φ) consists of a set
of nodes V , a set of edges E consisting of ordered pairs of
nodes, a set of possible colors Φ, and a mapping L : V → 2Φ
which indicates which subset of Φ can be emitted by a given
node. This is identical to the definition of a weak model given
in [3]. (Note that some authors also include the set of nodes
which the system can start at as part of their definition of a
weak model [8], [5].)
If each edge (i, j) ∈ E is endowed with a transition prob-
ability Pij = P (Xt+1 = j|Xt = i) (where Xt is the node
visited at time t) and each node i ∈ V is endowed with a set
of emission probabilities Biα = P (Yt = α|Xt = i) (where
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2(a) Multi-colored (b) Single-colored
Fig. 1: Transformation of multi-colored graph to single-
colored graph. Node b can emit either
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, so it is split
into nodes bb and br, respectively. (This paper will use both
color and shape to distinguish node “colors.”)
Yt is the color emitted at time t and α ∈ Φ), the model is a
hidden Markov model (HMM) with discrete symbols [4]. We
are concerned here with structural properties of such sys-
tems that depend only on whether certain state transitions
and emissions are possible or not. Consequently, our results
are about whether certain inferences about colored graphs
are true or not true, as opposed to what the probabilities or
likelihoods of inferences are.
A node-colored graph is multi-colored if there exists a
v ∈ V such that |L(v)| > 1. In the context of tracking an
agent traversing the graph, the implication is that one of the
possible colors c ∈ L(v) will be emitted when the agent
visits node v. It is often useful to reduce such a graph to the
equivalent single-colored graph. This can be accomplished
by replacing every multi-colored node with multiple nodes,
one for each color, then duplicating the appropriate edges.
This is illustrated in Figure 1.
An edge-colored directed graph is defined as above, but
instead associates the mapping to colors with the edges:
L : E → 2Φ. As with the node-colored case, it is possible to
have an edge-multi-colored graph if there exists an e ∈ E such
that |L(e)| > 1. Edge-colored graphs can describe higher-
order dependencies (e.g., they represent a system where the
color emitted depends on both the current node and the
previous node), so it is often useful to reduce an edge-
colored graph to an equivalent node-colored graph. This
can be accomplished by replacing every node which has
incident edges of more than one color by multiple nodes,
one for each color, then assigning each node the color of its
incident edges. This is illustrated in Figure 2.
Therefore, every node-multi-colored graph and every
edge-colored graph, whether multi-colored or not, can be
reduced to an equivalent node-colored graph for which each
node emits only one color. Moreover, the reduction results
in modest growth of the graph. Specifically, if there are n
nodes in the graph and the multi-colored node or edge with
the most colors has C colors, the resulting simply colored
node graph will have no more than Cn unicolored nodes.
Consequently, in the remainder of this paper, we con-
sider, without loss of generality, node colored graphs for
which each node can emit only one color.
2.2 Observability Classes
Suppose that an agent is traversing a given node-colored
graph, yielding a sequence of observed colors Y1:t =
Y1, . . . , Yt from which we seek to infer something about
the underlying state or node sequence X1:t = X1, . . . , Xt
(a) Edge-multi-colored (b) Node-colored
Fig. 2: Transformation of edge-multi-colored graph to node-
colored graph. Node b has incident edges which are both
blue/solid and red/dashed, so it is split into blue/circle
node bb and red/square node br.
that generated those observed colors. A “hypothesis” in the
context of such an observability problem is any sequence
X1:t = X1, . . . , Xt of nodes that can be visited when
traversing a directed path that emits the observed colors
Y1:t = Y1, . . . , Yt.
Applications often distinguish between real-time track-
ing where we try to find Xt given Y1:t and a posteriori
reconstruction where we try to infer some part (even all) of
the sequence of nodes X1:t given Y1:t. In addition, different
versions of the problem can make different assumptions
about whether the start state X1 is know or not. In general,
there is no guarantee that any of the nodes can be unam-
biguously identified, even a posteriori.
Previous work has identified a number of classes of
colored graphs for which guarantees of varying strength can
be made, however:
• In a trackable graph the number of hypotheses con-
sistent with an observation sequence grows polyno-
mially in the length of the observation sequence [3].
In a graph which is not trackable, the number of
hypotheses grows exponentially. It is known that the
number of hypotheses can grow either polynomially
or exponentially, with no intermediate growth rates
possible [3].
• In a unifilar graph the current node Xt is unambigu-
ously determined given the previous node Xt−1 and
the current color Yt [5]. Furthermore, each node emits
exactly one color and each color can be emitted by at
most one of the starting nodes. (Thus, the start node
is determined unambiguously by the initial observed
color.) The implication of these constraints is that
there is a one-to-one correspondence between color
sequences and node sequences.
• In a partly a posteriori observable graph it is possible,
given a sufficiently long observation sequence, to
unambiguously determine the state at at least one
point in the past [6].
• In a partly observable graph there is an upper bound,
K , on how much time there is between opportunities
for Xt to be unambiguously determined given the
observation sequence Yt0:t, where t0 ≤ t < t0 + K
[6].
• In an observable graph, the nodeXt can be unambigu-
ously determined given the observation sequence
Y1:t, provided t > T (where T is a deterministic
burn-in period determined by the structure of the
graph) [6].
3time
lag, b
record length, g
present,
t
point to
classify,
t b
oldest
datum used,
t  g+1
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Fig. 3: Illustration of (α, β, γ)-currency. The record length
γ may be set either by the time at which observations
started (in which case it grows at each time step) or by the
finite number of observations stored in the tracking system’s
memory (in which case it is constant). The oldest datum
used is at t− γ + 1 because we are considering the discrete-
time case and the number of observations is γ.
While the previous work characterized these classes using a
variety of approaches and definitions [3], [6], [5], Section 4
shows that they can all be expressed in a common frame-
work.
2.3 Currency of Estimates
Previous work on indexing systems (e.g., search engines)
has characterized the quality of estimates in terms of (α, β)-
currency [9], [10], [11]. Specifically, a quantity which was
previously observed at time t0 is said to be β-current at time
t if it has not changed between time t0 and time t − β. The
quantity is said to be (α, β)-current if it is β-current with
probability α.
Appropriately interpreted for the new domain, (α, β)-
currency provides a useful metric for characterizing the
properties of the various observability classes. Specifically,
when tracking an agent traversing a colored graph, our esti-
mate is said to be (α, β)-current at time t if we can correctly
identify the node Xt−β with probability α. Note that this
definition does not make reference to the “time of last ob-
servation,” t0, because there are no times at which the node
is observed directly. Instead, what matters is how long we
have been observing the color sequence: the record length,
γ. Therefore, we say that an estimate is (α, β, γ)-current if
we can correctly identify the node Xt−β with probability
α using the observed colors Yt−γ+1, . . . , Yt. This is illus-
trated in Figure 3. As an example, an observable graph is
(1, 0, T + 1)-current. Because of the coloring constraint on
the set of starting nodes, a unifilar graph is (1, 0, 1)-current.
Other classes are more complicated; attainable values of α,
β, and γ depend on the specific structure of the graph.
3 COLORED GRAPH PATHOLOGIES
3.1 Description of the Pathologies
Jungers and Blondel present polynomial-time algorithms to
check whether a graph is observable or partly a posteriori
observable by checking for the following properties [6]:
1) Presence/absence of nodes which have out-
neighbors of the same color.
2) Presence/absence of separated cycles having the
same sequence of colors. Two cycles pi1, pi2 : Z→ V
indexed by i and permitting the same sequence of
colors (i.e., L(pi1(i)) ∩ L(pi2(i)) 6= ∅ ∀i) are said to
Fig. 4: Graph with separated cycles which share nodes. The
cycles pi1 = (a, b, c, d, a, . . . ) and pi2 = (c, d, a, b, c, . . . ) have
the same sequence of colors and involve the same nodes,
but there is no i such that pi1(i) = pi2(i).
be separated if pi1(i) 6= pi2(i) for all steps i. (It is
possible, however, to have pi1(i) = pi2(j) for i 6= j;
see Figure 4.)
Note, however, that same-colored out-neighbors (item 1) can
manifest in one of two ways, depending on whether or not
they form two or more intersecting cycles having the same
sequence of colors. (Two cycles pi1(i), pi2(i) having the same
sequence of colors are said to be intersecting if there is at least
one i such that pi1(i) = pi2(i).) This suggests that the three
pathologies listed in Table 1 are useful for characterizing
the various observability classes. In fact, in Section 4 we
show that these three pathologies are sufficient to describe
observable, partly a posteriori observable, trackable, and a
looser class of unifilar graphs (i.e., without the constraint on
the set of starting nodes). Partly observable graphs do not fit
quite as cleanly into this framework as the others, but some
cases can be characterized by the absence of a specific type
of same-colored out-neighbor described in Section 4.5.
3.2 Effects of the Pathologies
In loose terms, the effects of each pathology are:
• Same-colored out-neighbors cause tracking to be lost
once they are encountered. But, it will often be possi-
ble to reconstruct which branch was taken a posteriori.
For example, in the top row of Table 1, once
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is seen,
we do not know which node the agent is at. But, the
next observation will either be
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(in which case we
know the previous step took the left-hand branch) or
<latexit sha1_base64="DhUK NZ2ORtiYH8CL1aQPkI6s8+4=">AAAEqnicdZNbb9MwGIbdrcAop w0uubEoiCGtlZMe0goNjWatdjGkgXZCbTU5rptadQ6yHViJ8iO5 5Jdwi9M165oOW5Fef8/32c5r2wk5kwqhP4WNzeKDh4+2HpeePH 32/MX2zstzGUSC0DMS8EBcOlhSznx6ppji9DIUFHsOpxfO1E75x Q8qJAv8UzUL6dDDrs/GjGClQ1fb04FDXebHik1/hYyoSNBkMGac w75rDuEu2oOoalgfYKWiB1rp8WKwBytLVLnLyIxw+nFA/dHKvFf bZVRF8wbXhbEQZbBoJ1c7m+8Ho4BEHvUV4VjKvoFCNYyxUEyvkJ QGkaQhJlPs0r6WPvaoHMZzVxL4TkdGcBwI/fkKzqN3K2LsSTnzH J3pYTWReZYG72P9SI1bw5j5YaSoT24WGkccqgCmFsMRE5QoPtMC E8H0XiGZYIGJ0gdRWlkmnTxU3nWyGk5dW4RSyZkjsJjp/xbBT5 n8J171qMLrUE5wSGXVpYHmghGdkWKdFH/aj4+xotd9STCn+0bVb AwTzUd0rK/T3LDYRkl8dPrlOImNnmV16nlsZLjXs3qom8dmhk37 MzLtPK5l+LBpWmYrj+sZbtebVucwjxsZbtmNZr2Tx80Md2uWpXe Sw1aGrV7a87iV4Y7dOTTXqtu3tlidrt1LT+sud29tQ3bDaOe37i 5tm1/6PL61DSH7HlxbVreNFOunZeQf0ro4N6uG1l/N8sHbxSPbA q/BG7ALDGCBA3AETsAZIOA3+FsAhUJxr/it+L3Yv0ndKCxqXoGV Vhz9A7WtgXg=</latexit><latexit sha1_base64="DhUK NZ2ORtiYH8CL1aQPkI6s8+4=">AAAEqnicdZNbb9MwGIbdrcAop w0uubEoiCGtlZMe0goNjWatdjGkgXZCbTU5rptadQ6yHViJ8iO5 5Jdwi9M165oOW5Fef8/32c5r2wk5kwqhP4WNzeKDh4+2HpeePH 32/MX2zstzGUSC0DMS8EBcOlhSznx6ppji9DIUFHsOpxfO1E75x Q8qJAv8UzUL6dDDrs/GjGClQ1fb04FDXebHik1/hYyoSNBkMGac w75rDuEu2oOoalgfYKWiB1rp8WKwBytLVLnLyIxw+nFA/dHKvFf bZVRF8wbXhbEQZbBoJ1c7m+8Ho4BEHvUV4VjKvoFCNYyxUEyvkJ QGkaQhJlPs0r6WPvaoHMZzVxL4TkdGcBwI/fkKzqN3K2LsSTnzH J3pYTWReZYG72P9SI1bw5j5YaSoT24WGkccqgCmFsMRE5QoPtMC E8H0XiGZYIGJ0gdRWlkmnTxU3nWyGk5dW4RSyZkjsJjp/xbBT5 n8J171qMLrUE5wSGXVpYHmghGdkWKdFH/aj4+xotd9STCn+0bVb AwTzUd0rK/T3LDYRkl8dPrlOImNnmV16nlsZLjXs3qom8dmhk37 MzLtPK5l+LBpWmYrj+sZbtebVucwjxsZbtmNZr2Tx80Md2uWpXe Sw1aGrV7a87iV4Y7dOTTXqtu3tlidrt1LT+sud29tQ3bDaOe37i 5tm1/6PL61DSH7HlxbVreNFOunZeQf0ro4N6uG1l/N8sHbxSPbA q/BG7ALDGCBA3AETsAZIOA3+FsAhUJxr/it+L3Yv0ndKCxqXoGV Vhz9A7WtgXg=</latexit><latexit sha1_base64="DhUK NZ2ORtiYH8CL1aQPkI6s8+4=">AAAEqnicdZNbb9MwGIbdrcAop w0uubEoiCGtlZMe0goNjWatdjGkgXZCbTU5rptadQ6yHViJ8iO5 5Jdwi9M165oOW5Fef8/32c5r2wk5kwqhP4WNzeKDh4+2HpeePH 32/MX2zstzGUSC0DMS8EBcOlhSznx6ppji9DIUFHsOpxfO1E75x Q8qJAv8UzUL6dDDrs/GjGClQ1fb04FDXebHik1/hYyoSNBkMGac w75rDuEu2oOoalgfYKWiB1rp8WKwBytLVLnLyIxw+nFA/dHKvFf bZVRF8wbXhbEQZbBoJ1c7m+8Ho4BEHvUV4VjKvoFCNYyxUEyvkJ QGkaQhJlPs0r6WPvaoHMZzVxL4TkdGcBwI/fkKzqN3K2LsSTnzH J3pYTWReZYG72P9SI1bw5j5YaSoT24WGkccqgCmFsMRE5QoPtMC E8H0XiGZYIGJ0gdRWlkmnTxU3nWyGk5dW4RSyZkjsJjp/xbBT5 n8J171qMLrUE5wSGXVpYHmghGdkWKdFH/aj4+xotd9STCn+0bVb AwTzUd0rK/T3LDYRkl8dPrlOImNnmV16nlsZLjXs3qom8dmhk37 MzLtPK5l+LBpWmYrj+sZbtebVucwjxsZbtmNZr2Tx80Md2uWpXe Sw1aGrV7a87iV4Y7dOTTXqtu3tlidrt1LT+sud29tQ3bDaOe37i 5tm1/6PL61DSH7HlxbVreNFOunZeQf0ro4N6uG1l/N8sHbxSPbA q/BG7ALDGCBA3AETsAZIOA3+FsAhUJxr/it+L3Yv0ndKCxqXoGV Vhz9A7WtgXg=</latexit><latexit sha1_base64="DhUK NZ2ORtiYH8CL1aQPkI6s8+4=">AAAEqnicdZNbb9MwGIbdrcAop w0uubEoiCGtlZMe0goNjWatdjGkgXZCbTU5rptadQ6yHViJ8iO5 5Jdwi9M165oOW5Fef8/32c5r2wk5kwqhP4WNzeKDh4+2HpeePH 32/MX2zstzGUSC0DMS8EBcOlhSznx6ppji9DIUFHsOpxfO1E75x Q8qJAv8UzUL6dDDrs/GjGClQ1fb04FDXebHik1/hYyoSNBkMGac w75rDuEu2oOoalgfYKWiB1rp8WKwBytLVLnLyIxw+nFA/dHKvFf bZVRF8wbXhbEQZbBoJ1c7m+8Ho4BEHvUV4VjKvoFCNYyxUEyvkJ QGkaQhJlPs0r6WPvaoHMZzVxL4TkdGcBwI/fkKzqN3K2LsSTnzH J3pYTWReZYG72P9SI1bw5j5YaSoT24WGkccqgCmFsMRE5QoPtMC E8H0XiGZYIGJ0gdRWlkmnTxU3nWyGk5dW4RSyZkjsJjp/xbBT5 n8J171qMLrUE5wSGXVpYHmghGdkWKdFH/aj4+xotd9STCn+0bVb AwTzUd0rK/T3LDYRkl8dPrlOImNnmV16nlsZLjXs3qom8dmhk37 MzLtPK5l+LBpWmYrj+sZbtebVucwjxsZbtmNZr2Tx80Md2uWpXe Sw1aGrV7a87iV4Y7dOTTXqtu3tlidrt1LT+sud29tQ3bDaOe37i 5tm1/6PL61DSH7HlxbVreNFOunZeQf0ro4N6uG1l/N8sHbxSPbA q/BG7ALDGCBA3AETsAZIOA3+FsAhUJxr/it+L3Yv0ndKCxqXoGV Vhz9A7WtgXg=</latexit>
(in which case we know the previous step took
the right-hand branch). Therefore, the net effect on
(α, β, γ)-currency is to increase the lag β necessary
to obtain a given accuracy α. Provided that γ > β,
the record length γ will have no effect on the ability
to determine which branch was taken.
• Intersecting cycles with the same coloring is a special
case of same-colored out-neighbors which causes
tracking to be lost in a way which can prevent even
a posteriori reconstruction of the visited nodes. For
example, in the middle row of Table 1, the observa-
tions will always be an alternating sequence of
<latexit sha1_base64="AxRyV4w2nDNrmWzmtqdnhgH7lTo=" >AAAEi3icdZNdb9MwFIa9rcAoDDa45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn+DVwCb8Ep2u2NR2OYp28zzmx/ dp2I86kwvj30vJK6cHDR6uPy0+erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8dNvICQLgyM1iWDoEy9gY0aJ0tL 5+sHABY8FiWKXPyJGVSwgHYwZ50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTMWA3MWVNCsHZ5vrLwbjEIa+xAo yomUfRNHapgQoRjlkJYHsYSI0EviQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCFlkm3sf6sRq3hgkLolhBQK8HGs fcUKGReWiMWOYIn+iAUMH0XA16QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UGQRygsSgax6EGouGNUZGdZJyaed 5IAouOpLSjjsmHrbhqnmIxjr8zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIaznea1q21Srieo7b9abd2SviRo5bTq NZ7xRxM8fdmm3rmRSwnWO7lz1F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivrENY+ceXLutbpsZ1lfLLF6kxeD Eqpo6/mpVdt/MLtkqeoVeo01kIhvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8fho=</latexit><latexit sha1_base64="AxRyV4w2nDNrmWzmtqdnhgH7lTo=" >AAAEi3icdZNdb9MwFIa9rcAoDDa45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn+DVwCb8Ep2u2NR2OYp28zzmx/ dp2I86kwvj30vJK6cHDR6uPy0+erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8dNvICQLgyM1iWDoEy9gY0aJ0tL 5+sHABY8FiWKXPyJGVSwgHYwZ50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTMWA3MWVNCsHZ5vrLwbjEIa+xAo yomUfRNHapgQoRjlkJYHsYSI0EviQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCFlkm3sf6sRq3hgkLolhBQK8HGs fcUKGReWiMWOYIn+iAUMH0XA16QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UGQRygsSgax6EGouGNUZGdZJyaed 5IAouOpLSjjsmHrbhqnmIxjr8zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIaznea1q21Srieo7b9abd2SviRo5bTq NZ7xRxM8fdmm3rmRSwnWO7lz1F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivrENY+ceXLutbpsZ1lfLLF6kxeD Eqpo6/mpVdt/MLtkqeoVeo01kIhvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8fho=</latexit><latexit sha1_base64="AxRyV4w2nDNrmWzmtqdnhgH7lTo=" >AAAEi3icdZNdb9MwFIa9rcAoDDa45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn+DVwCb8Ep2u2NR2OYp28zzmx/ dp2I86kwvj30vJK6cHDR6uPy0+erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8dNvICQLgyM1iWDoEy9gY0aJ0tL 5+sHABY8FiWKXPyJGVSwgHYwZ50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTMWA3MWVNCsHZ5vrLwbjEIa+xAo yomUfRNHapgQoRjlkJYHsYSI0EviQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCFlkm3sf6sRq3hgkLolhBQK8HGs fcUKGReWiMWOYIn+iAUMH0XA16QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UGQRygsSgax6EGouGNUZGdZJyaed 5IAouOpLSjjsmHrbhqnmIxjr8zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIaznea1q21Srieo7b9abd2SviRo5bTq NZ7xRxM8fdmm3rmRSwnWO7lz1F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivrENY+ceXLutbpsZ1lfLLF6kxeD Eqpo6/mpVdt/MLtkqeoVeo01kIhvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8fho=</latexit><latexit sha1_base64="AxRyV4w2nDNrmWzmtqdnhgH7lTo=" >AAAEi3icdZNdb9MwFIa9rcAoDDa45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn+DVwCb8Ep2u2NR2OYp28zzmx/ dp2I86kwvj30vJK6cHDR6uPy0+erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8dNvICQLgyM1iWDoEy9gY0aJ0tL 5+sHABY8FiWKXPyJGVSwgHYwZ50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTMWA3MWVNCsHZ5vrLwbjEIa+xAo yomUfRNHapgQoRjlkJYHsYSI0EviQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCFlkm3sf6sRq3hgkLolhBQK8HGs fcUKGReWiMWOYIn+iAUMH0XA16QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UGQRygsSgax6EGouGNUZGdZJyaed 5IAouOpLSjjsmHrbhqnmIxjr8zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIaznea1q21Srieo7b9abd2SviRo5bTq NZ7xRxM8fdmm3rmRSwnWO7lz1F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivrENY+ceXLutbpsZ1lfLLF6kxeD Eqpo6/mpVdt/MLtkqeoVeo01kIhvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8fho=</latexit>
and
<latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit>
, but it will never be possible to determine which
of the
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nodes was visited. Therefore, the net effect
on (α, β, γ)-currency is to decrease the accuracy α
which can be obtained for any lag β or record length
γ.
• Separated cycles with the same coloring increase the
“burn-in” time for which colors must be observed
4TABLE 1: Colored Graph Pathologies, Examples, Effects, and Mitigations
Name Example Effect Mitigation
Same-colored out-
neighbors
Lose track, may be able to re-
construct a posteriori, increases
β for given α
Intersecting cycles
with same coloring
Lose track, may never be able
to reconstruct, decreases max-
imum attainable α
Separated cycles
with same coloring
Increases “burn-in” time be-
fore nodes can be recon-
structed unambiguously, in-
creases required γ for a given
α
before a node (past or present) can be identified
unambiguously. For example, consider a sequence of
observations from the graph in the bottom row of
Table 1 consisting of alternating
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and
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. Until
<latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit>
is observed, it is not possible to know which side of
the graph the agent is on. But, as soon as one of the
sequences (
<latexi t sha1_base64 ="AxRyV4w2nD NrmWzmtqdnhgH 7lTo=">AAAEi3 icdZNdb9MwFI a9rcAoDDa45Ca iIDZpqpz0Iy0w NJq12sWQhrQvq a0mxz3NrDkfs h1YifKn+DVwCb 8Ep2u2NR2OYp2 8zzmx/dp2I86 kwvj30vJK6cHD R6uPy0+erj17v r7x4kSGsaBwTE MeijOXSOAsgG PFFIezSADxXQ6 n7qWT8dNvICQL gyM1iWDoEy9g Y0aJ0tL5+sHAB Y8FiWKXPyJGVS wgHYwZ50bfM4f GJt7GW4YAqkj gcdDfVauxbWT9 1ocBBKO5wvP1C q7iaTMWA3MWV NCsHZ5vrLwbjE Ia+xAoyomUfRN HapgQoRjlkJYH sYSI0EviQV+H AfFBDpPpslPjr VZGxjgU+g2UMV XvViTEl3Liuz rTJ+pCFlkm3sf 6sRq3hgkLolhB QK8HGsfcUKGRe WiMWOYIn+iAU MH0XA16QQShSj tdnhsm+3mk/Kt 0Xs5cm0lZyJk riJjodYvwu0z/ o1d9UGQRygsSg ax6EGouGNUZGd ZJyaed5IAouO pLSjjsmHrbhqn mIxjr8zI1LHFw muwffTlIE7Nn 2516EZs57vXsH u4WsZVjy/mMLa eIaznea1q21Sr ieo7b9abd2Sv iRo5bTqNZ7xRx M8fdmm3rmRSwn WO7lz1F3Mpxx +nsWQvV7Rtb7E 7X6WW7dZd7N7Z hp2G2i1P3bm2b HvoivrENY+ce XLutbpsZ1lfLL F6kxeDEqpo6/m pVdt/MLtkqeo Veo01kIhvton1 0iI4RRT/RL/QH /S2tlWql96WP1 6nLS7Oal2iul br/AMF8fho=</ latexit><latexi t sha1_base64 ="AxRyV4w2nD NrmWzmtqdnhgH 7lTo=">AAAEi3 icdZNdb9MwFI a9rcAoDDa45Ca iIDZpqpz0Iy0w NJq12sWQhrQvq a0mxz3NrDkfs h1YifKn+DVwCb 8Ep2u2NR2OYp2 8zzmx/dp2I86 kwvj30vJK6cHD R6uPy0+erj17v r7x4kSGsaBwTE MeijOXSOAsgG PFFIezSADxXQ6 n7qWT8dNvICQL gyM1iWDoEy9g Y0aJ0tL5+sHAB Y8FiWKXPyJGVS wgHYwZ50bfM4f GJt7GW4YAqkj gcdDfVauxbWT9 1ocBBKO5wvP1C q7iaTMWA3MWV NCsHZ5vrLwbjE Ia+xAoyomUfRN HapgQoRjlkJYH sYSI0EviQV+H AfFBDpPpslPjr VZGxjgU+g2UMV XvViTEl3Liuz rTJ+pCFlkm3sf 6sRq3hgkLolhB QK8HGsfcUKGRe WiMWOYIn+iAU MH0XA16QQShSj tdnhsm+3mk/Kt 0Xs5cm0lZyJk riJjodYvwu0z/ o1d9UGQRygsSg ax6EGouGNUZGd ZJyaed5IAouO pLSjjsmHrbhqn mIxjr8zI1LHFw muwffTlIE7Nn 2516EZs57vXsH u4WsZVjy/mMLa eIaznea1q21Sr ieo7b9abd2Sv iRo5bTqNZ7xRx M8fdmm3rmRSwn WO7lz1F3Mpxx +nsWQvV7Rtb7E 7X6WW7dZd7N7Z hp2G2i1P3bm2b HvoivrENY+ce XLutbpsZ1lfLL F6kxeDEqpo6/m pVdt/MLtkqeo Veo01kIhvton1 0iI4RRT/RL/QH /S2tlWql96WP1 6nLS7Oal2iul br/AMF8fho=</ latexit><latexi t sha1_base64 ="AxRyV4w2nD NrmWzmtqdnhgH 7lTo=">AAAEi3 icdZNdb9MwFI a9rcAoDDa45Ca iIDZpqpz0Iy0w NJq12sWQhrQvq a0mxz3NrDkfs h1YifKn+DVwCb 8Ep2u2NR2OYp2 8zzmx/dp2I86 kwvj30vJK6cHD R6uPy0+erj17v r7x4kSGsaBwTE MeijOXSOAsgG PFFIezSADxXQ6 n7qWT8dNvICQL gyM1iWDoEy9g Y0aJ0tL5+sHAB Y8FiWKXPyJGVS wgHYwZ50bfM4f GJt7GW4YAqkj gcdDfVauxbWT9 1ocBBKO5wvP1C q7iaTMWA3MWV NCsHZ5vrLwbjE Ia+xAoyomUfRN HapgQoRjlkJYH sYSI0EviQV+H AfFBDpPpslPjr VZGxjgU+g2UMV XvViTEl3Liuz rTJ+pCFlkm3sf 6sRq3hgkLolhB QK8HGsfcUKGRe WiMWOYIn+iAU MH0XA16QQShSj tdnhsm+3mk/Kt 0Xs5cm0lZyJk riJjodYvwu0z/ o1d9UGQRygsSg ax6EGouGNUZGd ZJyaed5IAouO pLSjjsmHrbhqn mIxjr8zI1LHFw muwffTlIE7Nn 2516EZs57vXsH u4WsZVjy/mMLa eIaznea1q21Sr ieo7b9abd2Sv iRo5bTqNZ7xRx M8fdmm3rmRSwn WO7lz1F3Mpxx +nsWQvV7Rtb7E 7X6WW7dZd7N7Z hp2G2i1P3bm2b HvoivrENY+ce XLutbpsZ1lfLL F6kxeDEqpo6/m pVdt/MLtkqeo Veo01kIhvton1 0iI4RRT/RL/QH /S2tlWql96WP1 6nLS7Oal2iul br/AMF8fho=</ latexit><latexi t sha1_base64 ="AxRyV4w2nD NrmWzmtqdnhgH 7lTo=">AAAEi3 icdZNdb9MwFI a9rcAoDDa45Ca iIDZpqpz0Iy0w NJq12sWQhrQvq a0mxz3NrDkfs h1YifKn+DVwCb 8Ep2u2NR2OYp2 8zzmx/dp2I86 kwvj30vJK6cHD R6uPy0+erj17v r7x4kSGsaBwTE MeijOXSOAsgG PFFIezSADxXQ6 n7qWT8dNvICQL gyM1iWDoEy9g Y0aJ0tL5+sHAB Y8FiWKXPyJGVS wgHYwZ50bfM4f GJt7GW4YAqkj gcdDfVauxbWT9 1ocBBKO5wvP1C q7iaTMWA3MWV NCsHZ5vrLwbjE Ia+xAoyomUfRN HapgQoRjlkJYH sYSI0EviQV+H AfFBDpPpslPjr VZGxjgU+g2UMV XvViTEl3Liuz rTJ+pCFlkm3sf 6sRq3hgkLolhB QK8HGsfcUKGRe WiMWOYIn+iAU MH0XA16QQShSj tdnhsm+3mk/Kt 0Xs5cm0lZyJk riJjodYvwu0z/ o1d9UGQRygsSg ax6EGouGNUZGd ZJyaed5IAouO pLSjjsmHrbhqn mIxjr8zI1LHFw muwffTlIE7Nn 2516EZs57vXsH u4WsZVjy/mMLa eIaznea1q21Sr ieo7b9abd2Sv iRo5bTqNZ7xRx M8fdmm3rmRSwn WO7lz1F3Mpxx +nsWQvV7Rtb7E 7X6WW7dZd7N7Z hp2G2i1P3bm2b HvoivrENY+ce XLutbpsZ1lfLL F6kxeDEqpo6/m pVdt/MLtkqeo Veo01kIhvton1 0iI4RRT/RL/QH /S2tlWql96WP1 6nLS7Oal2iul br/AMF8fho=</ latexit>
,
<latexit sha1 _base64="rA/0ircWChV+ytVMy lokkDV+nbE=">AAAEhXicdZNb b9MwGIa9rbBRDuvgkpuIgtgkq Jz0kFZoMJo22sWQhrRuk9qqclw 3teocZDuwEuUf8Wu4Q/BjcLpm W9PhKNKb9/m+2HljOyGjQkL4e2 Nzq/Dg4fbOo+LjJ0+f7Zb2np+ LIOKY9HDAAn7pIEEY9UlPUsnIZ cgJ8hxGLpyZlfKLb4QLGvhnch 6SoYdcn04oRlJZo5I9cIhL/Vj S2Y+QYhlxkgwmlDGt78Khtg/fw QMNU44ZUQ8V3ahj7+DDgPjjlZ ZRqQwrcDG0daEvRRksx+lob+vt YBzgyCO+xAwJ0ddhKIcx4pKqu ZLiIBIkRHiGXNJX0kceEcN48cG J9kY5Y20ScHX7Ulu4dzti5Akx 9xxV6SE5FXmWmvexfiQnzWFM/ TCSxMfXE00ipslAS9PTxpQTLNl cCYQ5VWvV8BRxhKXKuLgyTfry UHpXyaqdpra0UsmowxGfq+/mwX eR/MeveESidSimKCSi4pJAcU6 xqkixKoo/HsYnSJKrvsCIkUO9Y tSHieJjMlE7ZRFYbMEkPj77cp LEum2a7Voe6xm2bdOG3Tw2Mmx Yn6Fh5XE1w52GYRrNPK5luFVrm O1OHtcz3LTqjVo7jxsZ7lZNU6 0kh80Mm3Z65XEzw22r3THWuls3 sZjtrmWnf+sud29ig1Zdb+WX7 t7Gttj0eXwTG4TWPbh6293SU6y Olp4/SOvi3KjoSn81ykevl4ds B7wEr8A+0IEJjsAxOAU9gMFP8 Av8AX8L24X3hVqhcV26ubHseQF WRuHTPyq8fIo=</latexit><latexit sha1 _base64="rA/0ircWChV+ytVMy lokkDV+nbE=">AAAEhXicdZNb b9MwGIa9rbBRDuvgkpuIgtgkq Jz0kFZoMJo22sWQhrRuk9qqclw 3teocZDuwEuUf8Wu4Q/BjcLpm W9PhKNKb9/m+2HljOyGjQkL4e2 Nzq/Dg4fbOo+LjJ0+f7Zb2np+ LIOKY9HDAAn7pIEEY9UlPUsnIZ cgJ8hxGLpyZlfKLb4QLGvhnch 6SoYdcn04oRlJZo5I9cIhL/Vj S2Y+QYhlxkgwmlDGt78Khtg/fw QMNU44ZUQ8V3ahj7+DDgPjjlZ ZRqQwrcDG0daEvRRksx+lob+vt YBzgyCO+xAwJ0ddhKIcx4pKqu ZLiIBIkRHiGXNJX0kceEcN48cG J9kY5Y20ScHX7Ulu4dzti5Akx 9xxV6SE5FXmWmvexfiQnzWFM/ TCSxMfXE00ipslAS9PTxpQTLNl cCYQ5VWvV8BRxhKXKuLgyTfry UHpXyaqdpra0UsmowxGfq+/mwX eR/MeveESidSimKCSi4pJAcU6 xqkixKoo/HsYnSJKrvsCIkUO9Y tSHieJjMlE7ZRFYbMEkPj77cp LEum2a7Voe6xm2bdOG3Tw2Mmx Yn6Fh5XE1w52GYRrNPK5luFVrm O1OHtcz3LTqjVo7jxsZ7lZNU6 0kh80Mm3Z65XEzw22r3THWuls3 sZjtrmWnf+sud29ig1Zdb+WX7 t7Gttj0eXwTG4TWPbh6293SU6y Olp4/SOvi3KjoSn81ykevl4ds B7wEr8A+0IEJjsAxOAU9gMFP8 Av8AX8L24X3hVqhcV26ubHseQF WRuHTPyq8fIo=</latexit><latexit sha1 _base64="rA/0ircWChV+ytVMy lokkDV+nbE=">AAAEhXicdZNb b9MwGIa9rbBRDuvgkpuIgtgkq Jz0kFZoMJo22sWQhrRuk9qqclw 3teocZDuwEuUf8Wu4Q/BjcLpm W9PhKNKb9/m+2HljOyGjQkL4e2 Nzq/Dg4fbOo+LjJ0+f7Zb2np+ LIOKY9HDAAn7pIEEY9UlPUsnIZ cgJ8hxGLpyZlfKLb4QLGvhnch 6SoYdcn04oRlJZo5I9cIhL/Vj S2Y+QYhlxkgwmlDGt78Khtg/fw QMNU44ZUQ8V3ahj7+DDgPjjlZ ZRqQwrcDG0daEvRRksx+lob+vt YBzgyCO+xAwJ0ddhKIcx4pKqu ZLiIBIkRHiGXNJX0kceEcN48cG J9kY5Y20ScHX7Ulu4dzti5Akx 9xxV6SE5FXmWmvexfiQnzWFM/ TCSxMfXE00ipslAS9PTxpQTLNl cCYQ5VWvV8BRxhKXKuLgyTfry UHpXyaqdpra0UsmowxGfq+/mwX eR/MeveESidSimKCSi4pJAcU6 xqkixKoo/HsYnSJKrvsCIkUO9Y tSHieJjMlE7ZRFYbMEkPj77cp LEum2a7Voe6xm2bdOG3Tw2Mmx Yn6Fh5XE1w52GYRrNPK5luFVrm O1OHtcz3LTqjVo7jxsZ7lZNU6 0kh80Mm3Z65XEzw22r3THWuls3 sZjtrmWnf+sud29ig1Zdb+WX7 t7Gttj0eXwTG4TWPbh6293SU6y Olp4/SOvi3KjoSn81ykevl4ds B7wEr8A+0IEJjsAxOAU9gMFP8 Av8AX8L24X3hVqhcV26ubHseQF WRuHTPyq8fIo=</latexit><latexit sha1 _base64="rA/0ircWChV+ytVMy lokkDV+nbE=">AAAEhXicdZNb b9MwGIa9rbBRDuvgkpuIgtgkq Jz0kFZoMJo22sWQhrRuk9qqclw 3teocZDuwEuUf8Wu4Q/BjcLpm W9PhKNKb9/m+2HljOyGjQkL4e2 Nzq/Dg4fbOo+LjJ0+f7Zb2np+ LIOKY9HDAAn7pIEEY9UlPUsnIZ cgJ8hxGLpyZlfKLb4QLGvhnch 6SoYdcn04oRlJZo5I9cIhL/Vj S2Y+QYhlxkgwmlDGt78Khtg/fw QMNU44ZUQ8V3ahj7+DDgPjjlZ ZRqQwrcDG0daEvRRksx+lob+vt YBzgyCO+xAwJ0ddhKIcx4pKqu ZLiIBIkRHiGXNJX0kceEcN48cG J9kY5Y20ScHX7Ulu4dzti5Akx 9xxV6SE5FXmWmvexfiQnzWFM/ TCSxMfXE00ipslAS9PTxpQTLNl cCYQ5VWvV8BRxhKXKuLgyTfry UHpXyaqdpra0UsmowxGfq+/mwX eR/MeveESidSimKCSi4pJAcU6 xqkixKoo/HsYnSJKrvsCIkUO9Y tSHieJjMlE7ZRFYbMEkPj77cp LEum2a7Voe6xm2bdOG3Tw2Mmx Yn6Fh5XE1w52GYRrNPK5luFVrm O1OHtcz3LTqjVo7jxsZ7lZNU6 0kh80Mm3Z65XEzw22r3THWuls3 sZjtrmWnf+sud29ig1Zdb+WX7 t7Gttj0eXwTG4TWPbh6293SU6y Olp4/SOvi3KjoSn81ykevl4ds B7wEr8A+0IEJjsAxOAU9gMFP8 Av8AX8L24X3hVqhcV26ubHseQF WRuHTPyq8fIo=</latexit>
) or (
<latexit sha1 _base64="DhUKNZ2ORtiYH8CL1 aQPkI6s8+4=">AAAEqnicdZNb b9MwGIbdrcAopw0uubEoiCGtl ZMe0goNjWatdjGkgXZCbTU5rpt adQ6yHViJ8iO55Jdwi9M165oO W5Fef8/32c5r2wk5kwqhP4WNze KDh4+2HpeePH32/MX2zstzGUS C0DMS8EBcOlhSznx6ppji9DIUF HsOpxfO1E75xQ8qJAv8UzUL6d DDrs/GjGClQ1fb04FDXebHik1 /hYyoSNBkMGacw75rDuEu2oOoa lgfYKWiB1rp8WKwBytLVLnLyI xw+nFA/dHKvFfbZVRF8wbXhbEQ ZbBoJ1c7m+8Ho4BEHvUV4VjKv oFCNYyxUEyvkJQGkaQhJlPs0r6 WPvaoHMZzVxL4TkdGcBwI/fkK zqN3K2LsSTnzHJ3pYTWReZYG7 2P9SI1bw5j5YaSoT24WGkccqgC mFsMRE5QoPtMCE8H0XiGZYIGJ 0gdRWlkmnTxU3nWyGk5dW4RSyZ kjsJjp/xbBT5n8J171qMLrUE5 wSGXVpYHmghGdkWKdFH/aj4+xo td9STCn+0bVbAwTzUd0rK/T3L DYRkl8dPrlOImNnmV16nlsZLj Xs3qom8dmhk37MzLtPK5l+LBpW mYrj+sZbtebVucwjxsZbtmNZr 2Tx80Md2uWpXeSw1aGrV7a87iV 4Y7dOTTXqtu3tlidrt1LT+sud 29tQ3bDaOe37i5tm1/6PL61DSH 7HlxbVreNFOunZeQf0ro4N6uG 1l/N8sHbxSPbAq/BG7ALDGCBA 3AETsAZIOA3+FsAhUJxr/it+L3 Yv0ndKCxqXoGVVhz9A7WtgXg= </latexit><latexit sha1 _base64="DhUKNZ2ORtiYH8CL1 aQPkI6s8+4=">AAAEqnicdZNb b9MwGIbdrcAopw0uubEoiCGtl ZMe0goNjWatdjGkgXZCbTU5rpt adQ6yHViJ8iO55Jdwi9M165oO W5Fef8/32c5r2wk5kwqhP4WNze KDh4+2HpeePH32/MX2zstzGUS C0DMS8EBcOlhSznx6ppji9DIUF HsOpxfO1E75xQ8qJAv8UzUL6d DDrs/GjGClQ1fb04FDXebHik1 /hYyoSNBkMGacw75rDuEu2oOoa lgfYKWiB1rp8WKwBytLVLnLyI xw+nFA/dHKvFfbZVRF8wbXhbEQ ZbBoJ1c7m+8Ho4BEHvUV4VjKv oFCNYyxUEyvkJQGkaQhJlPs0r6 WPvaoHMZzVxL4TkdGcBwI/fkK zqN3K2LsSTnzHJ3pYTWReZYG7 2P9SI1bw5j5YaSoT24WGkccqgC mFsMRE5QoPtMCE8H0XiGZYIGJ 0gdRWlkmnTxU3nWyGk5dW4RSyZ kjsJjp/xbBT5n8J171qMLrUE5 wSGXVpYHmghGdkWKdFH/aj4+xo td9STCn+0bVbAwTzUd0rK/T3L DYRkl8dPrlOImNnmV16nlsZLj Xs3qom8dmhk37MzLtPK5l+LBpW mYrj+sZbtebVucwjxsZbtmNZr 2Tx80Md2uWpXeSw1aGrV7a87iV 4Y7dOTTXqtu3tlidrt1LT+sud 29tQ3bDaOe37i5tm1/6PL61DSH 7HlxbVreNFOunZeQf0ro4N6uG 1l/N8sHbxSPbAq/BG7ALDGCBA 3AETsAZIOA3+FsAhUJxr/it+L3 Yv0ndKCxqXoGVVhz9A7WtgXg= </latexit><latexit sha1 _base64="DhUKNZ2ORtiYH8CL1 aQPkI6s8+4=">AAAEqnicdZNb b9MwGIbdrcAopw0uubEoiCGtl ZMe0goNjWatdjGkgXZCbTU5rpt adQ6yHViJ8iO55Jdwi9M165oO W5Fef8/32c5r2wk5kwqhP4WNze KDh4+2HpeePH32/MX2zstzGUS C0DMS8EBcOlhSznx6ppji9DIUF HsOpxfO1E75xQ8qJAv8UzUL6d DDrs/GjGClQ1fb04FDXebHik1 /hYyoSNBkMGacw75rDuEu2oOoa lgfYKWiB1rp8WKwBytLVLnLyI xw+nFA/dHKvFfbZVRF8wbXhbEQ ZbBoJ1c7m+8Ho4BEHvUV4VjKv oFCNYyxUEyvkJQGkaQhJlPs0r6 WPvaoHMZzVxL4TkdGcBwI/fkK zqN3K2LsSTnzHJ3pYTWReZYG7 2P9SI1bw5j5YaSoT24WGkccqgC mFsMRE5QoPtMCE8H0XiGZYIGJ 0gdRWlkmnTxU3nWyGk5dW4RSyZ kjsJjp/xbBT5n8J171qMLrUE5 wSGXVpYHmghGdkWKdFH/aj4+xo td9STCn+0bVbAwTzUd0rK/T3L DYRkl8dPrlOImNnmV16nlsZLj Xs3qom8dmhk37MzLtPK5l+LBpW mYrj+sZbtebVucwjxsZbtmNZr 2Tx80Md2uWpXeSw1aGrV7a87iV 4Y7dOTTXqtu3tlidrt1LT+sud 29tQ3bDaOe37i5tm1/6PL61DSH 7HlxbVreNFOunZeQf0ro4N6uG 1l/N8sHbxSPbAq/BG7ALDGCBA 3AETsAZIOA3+FsAhUJxr/it+L3 Yv0ndKCxqXoGVVhz9A7WtgXg= </latexit><latexit sha1 _base64="DhUKNZ2ORtiYH8CL1 aQPkI6s8+4=">AAAEqnicdZNb b9MwGIbdrcAopw0uubEoiCGtl ZMe0goNjWatdjGkgXZCbTU5rpt adQ6yHViJ8iO55Jdwi9M165oO W5Fef8/32c5r2wk5kwqhP4WNze KDh4+2HpeePH32/MX2zstzGUS C0DMS8EBcOlhSznx6ppji9DIUF HsOpxfO1E75xQ8qJAv8UzUL6d DDrs/GjGClQ1fb04FDXebHik1 /hYyoSNBkMGacw75rDuEu2oOoa lgfYKWiB1rp8WKwBytLVLnLyI xw+nFA/dHKvFfbZVRF8wbXhbEQ ZbBoJ1c7m+8Ho4BEHvUV4VjKv oFCNYyxUEyvkJQGkaQhJlPs0r6 WPvaoHMZzVxL4TkdGcBwI/fkK zqN3K2LsSTnzHJ3pYTWReZYG7 2P9SI1bw5j5YaSoT24WGkccqgC mFsMRE5QoPtMCE8H0XiGZYIGJ 0gdRWlkmnTxU3nWyGk5dW4RSyZ kjsJjp/xbBT5n8J171qMLrUE5 wSGXVpYHmghGdkWKdFH/aj4+xo td9STCn+0bVbAwTzUd0rK/T3L DYRkl8dPrlOImNnmV16nlsZLj Xs3qom8dmhk37MzLtPK5l+LBpW mYrj+sZbtebVucwjxsZbtmNZr 2Tx80Md2uWpXeSw1aGrV7a87iV 4Y7dOTTXqtu3tlidrt1LT+sud 29tQ3bDaOe37i5tm1/6PL61DSH 7HlxbVreNFOunZeQf0ro4N6uG 1l/N8sHbxSPbAq/BG7ALDGCBA 3AETsAZIOA3+FsAhUJxr/it+L3 Yv0ndKCxqXoGVVhz9A7WtgXg= </latexit>
,
<latexit sha1 _base64="rA/0ircWChV+ytVMy lokkDV+nbE=">AAAEhXicdZNb b9MwGIa9rbBRDuvgkpuIgtgkq Jz0kFZoMJo22sWQhrRuk9qqclw 3teocZDuwEuUf8Wu4Q/BjcLpm W9PhKNKb9/m+2HljOyGjQkL4e2 Nzq/Dg4fbOo+LjJ0+f7Zb2np+ LIOKY9HDAAn7pIEEY9UlPUsnIZ cgJ8hxGLpyZlfKLb4QLGvhnch 6SoYdcn04oRlJZo5I9cIhL/Vj S2Y+QYhlxkgwmlDGt78Khtg/fw QMNU44ZUQ8V3ahj7+DDgPjjlZ ZRqQwrcDG0daEvRRksx+lob+vt YBzgyCO+xAwJ0ddhKIcx4pKqu ZLiIBIkRHiGXNJX0kceEcN48cG J9kY5Y20ScHX7Ulu4dzti5Akx 9xxV6SE5FXmWmvexfiQnzWFM/ TCSxMfXE00ipslAS9PTxpQTLNl cCYQ5VWvV8BRxhKXKuLgyTfry UHpXyaqdpra0UsmowxGfq+/mwX eR/MeveESidSimKCSi4pJAcU6 xqkixKoo/HsYnSJKrvsCIkUO9Y tSHieJjMlE7ZRFYbMEkPj77cp LEum2a7Voe6xm2bdOG3Tw2Mmx Yn6Fh5XE1w52GYRrNPK5luFVrm O1OHtcz3LTqjVo7jxsZ7lZNU6 0kh80Mm3Z65XEzw22r3THWuls3 sZjtrmWnf+sud29ig1Zdb+WX7 t7Gttj0eXwTG4TWPbh6293SU6y Olp4/SOvi3KjoSn81ykevl4ds B7wEr8A+0IEJjsAxOAU9gMFP8 Av8AX8L24X3hVqhcV26ubHseQF WRuHTPyq8fIo=</latexit><latexit sha1 _base64="rA/0ircWChV+ytVMy lokkDV+nbE=">AAAEhXicdZNb b9MwGIa9rbBRDuvgkpuIgtgkq Jz0kFZoMJo22sWQhrRuk9qqclw 3teocZDuwEuUf8Wu4Q/BjcLpm W9PhKNKb9/m+2HljOyGjQkL4e2 Nzq/Dg4fbOo+LjJ0+f7Zb2np+ LIOKY9HDAAn7pIEEY9UlPUsnIZ cgJ8hxGLpyZlfKLb4QLGvhnch 6SoYdcn04oRlJZo5I9cIhL/Vj S2Y+QYhlxkgwmlDGt78Khtg/fw QMNU44ZUQ8V3ahj7+DDgPjjlZ ZRqQwrcDG0daEvRRksx+lob+vt YBzgyCO+xAwJ0ddhKIcx4pKqu ZLiIBIkRHiGXNJX0kceEcN48cG J9kY5Y20ScHX7Ulu4dzti5Akx 9xxV6SE5FXmWmvexfiQnzWFM/ TCSxMfXE00ipslAS9PTxpQTLNl cCYQ5VWvV8BRxhKXKuLgyTfry UHpXyaqdpra0UsmowxGfq+/mwX eR/MeveESidSimKCSi4pJAcU6 xqkixKoo/HsYnSJKrvsCIkUO9Y tSHieJjMlE7ZRFYbMEkPj77cp LEum2a7Voe6xm2bdOG3Tw2Mmx Yn6Fh5XE1w52GYRrNPK5luFVrm O1OHtcz3LTqjVo7jxsZ7lZNU6 0kh80Mm3Z65XEzw22r3THWuls3 sZjtrmWnf+sud29ig1Zdb+WX7 t7Gttj0eXwTG4TWPbh6293SU6y Olp4/SOvi3KjoSn81ykevl4ds B7wEr8A+0IEJjsAxOAU9gMFP8 Av8AX8L24X3hVqhcV26ubHseQF WRuHTPyq8fIo=</latexit><latexit sha1 _base64="rA/0ircWChV+ytVMy lokkDV+nbE=">AAAEhXicdZNb b9MwGIa9rbBRDuvgkpuIgtgkq Jz0kFZoMJo22sWQhrRuk9qqclw 3teocZDuwEuUf8Wu4Q/BjcLpm W9PhKNKb9/m+2HljOyGjQkL4e2 Nzq/Dg4fbOo+LjJ0+f7Zb2np+ LIOKY9HDAAn7pIEEY9UlPUsnIZ cgJ8hxGLpyZlfKLb4QLGvhnch 6SoYdcn04oRlJZo5I9cIhL/Vj S2Y+QYhlxkgwmlDGt78Khtg/fw QMNU44ZUQ8V3ahj7+DDgPjjlZ ZRqQwrcDG0daEvRRksx+lob+vt YBzgyCO+xAwJ0ddhKIcx4pKqu ZLiIBIkRHiGXNJX0kceEcN48cG J9kY5Y20ScHX7Ulu4dzti5Akx 9xxV6SE5FXmWmvexfiQnzWFM/ TCSxMfXE00ipslAS9PTxpQTLNl cCYQ5VWvV8BRxhKXKuLgyTfry UHpXyaqdpra0UsmowxGfq+/mwX eR/MeveESidSimKCSi4pJAcU6 xqkixKoo/HsYnSJKrvsCIkUO9Y tSHieJjMlE7ZRFYbMEkPj77cp LEum2a7Voe6xm2bdOG3Tw2Mmx Yn6Fh5XE1w52GYRrNPK5luFVrm O1OHtcz3LTqjVo7jxsZ7lZNU6 0kh80Mm3Z65XEzw22r3THWuls3 sZjtrmWnf+sud29ig1Zdb+WX7 t7Gttj0eXwTG4TWPbh6293SU6y Olp4/SOvi3KjoSn81ykevl4ds B7wEr8A+0IEJjsAxOAU9gMFP8 Av8AX8L24X3hVqhcV26ubHseQF WRuHTPyq8fIo=</latexit><latexit sha1 _base64="rA/0ircWChV+ytVMy lokkDV+nbE=">AAAEhXicdZNb b9MwGIa9rbBRDuvgkpuIgtgkq Jz0kFZoMJo22sWQhrRuk9qqclw 3teocZDuwEuUf8Wu4Q/BjcLpm W9PhKNKb9/m+2HljOyGjQkL4e2 Nzq/Dg4fbOo+LjJ0+f7Zb2np+ LIOKY9HDAAn7pIEEY9UlPUsnIZ cgJ8hxGLpyZlfKLb4QLGvhnch 6SoYdcn04oRlJZo5I9cIhL/Vj S2Y+QYhlxkgwmlDGt78Khtg/fw QMNU44ZUQ8V3ahj7+DDgPjjlZ ZRqQwrcDG0daEvRRksx+lob+vt YBzgyCO+xAwJ0ddhKIcx4pKqu ZLiIBIkRHiGXNJX0kceEcN48cG J9kY5Y20ScHX7Ulu4dzti5Akx 9xxV6SE5FXmWmvexfiQnzWFM/ TCSxMfXE00ipslAS9PTxpQTLNl cCYQ5VWvV8BRxhKXKuLgyTfry UHpXyaqdpra0UsmowxGfq+/mwX eR/MeveESidSimKCSi4pJAcU6 xqkixKoo/HsYnSJKrvsCIkUO9Y tSHieJjMlE7ZRFYbMEkPj77cp LEum2a7Voe6xm2bdOG3Tw2Mmx Yn6Fh5XE1w52GYRrNPK5luFVrm O1OHtcz3LTqjVo7jxsZ7lZNU6 0kh80Mm3Z65XEzw22r3THWuls3 sZjtrmWnf+sud29ig1Zdb+WX7 t7Gttj0eXwTG4TWPbh6293SU6y Olp4/SOvi3KjoSn81ykevl4ds B7wEr8A+0IEJjsAxOAU9gMFP8 Av8AX8L24X3hVqhcV26ubHseQF WRuHTPyq8fIo=</latexit>
) is observed, we know
not only where the agent is, but where it was at all
previous times.
When there is no risk of confusion, the words “with the
same coloring” will be omitted when referring to intersect-
ing and separated cycles.
3.3 Mitigating the Pathologies
Enumerating the pathologies is useful not just to understand
their implications, but also to create ways of mitigating their
deleterious effects on tracking performance. A simple way
to modify a colored graph’s observability class without sig-
nificantly changing the functionality of the underlying sys-
tem is to add uniquely-colored but otherwise non-functional
“indicator nodes” at strategic locations. These are indicated
by the grey hexagons (
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) in the last column of Table 1.
This approach was demonstrated experimentally in [1], and
further simulated examples are given in Section 5.
The basic idea is to insert an indicator node either just
before a same-colored out-neighbor or in a cycle with the
same coloring in order to remove the pathology. Because the
addition of an indicator node causes a delay in the traversal
of the graph, it is desirable to put the indicator nodes in
parts of the graph which are less-frequently visited. In an
HMM, one can determine the long-run frequency of each
transition in order to decide where to place indicator nodes.
In principle it is also possible to change the observability
class through the deletion of nodes and/or edges, instead of
the insertion of nodes into existing edges discussed above.
This could correspond to restructuring the system to avoid
certain ambiguous behaviors. But, because this will clearly
affect the functionality of the system more than the addition
of indicator nodes, we do not consider these cases any
further here.
4 PATHOLOGY-BASED TAXONOMY OF COLORED
GRAPH OBSERVABILITY CLASSES
A taxonomy of colored graph classes based on the pres-
ence/absence of the graph pathologies is given in Figure 5.
Simple example graphs from each region of the Venn di-
agram are given in Figure 6. The full reasoning for each
class/region is given in the following subsections.
4.1 Region I: General Colored Graphs
The outer part of the Venn diagram is the universe of all
possible colored graphs, which may have all of the patholo-
gies represented, and for which no performance guarantees
can be made.
4.2 Region II: Partly a Posteriori Observable
A graph is partly a posteriori observable if there are no
separated cycles with the same color sequence [6].
To check if a colored graph G = (V,E, L,Φ) possesses
this property, construct the auxiliary graph G2 whose nodes
are of the form (v1, v2), where v1, v2 ∈ V and v1 6= v2.
The auxiliary graph contains an edge ((v1, v2), (v′1, v
′
2)) if
(v1, v
′
1) ∈ E, (v2, v′2) ∈ E, and v′1 and v′2 have the same color
(i.e., L(v′1) ∩ L(v′2) 6= ∅). If G2 is acyclic, then G contains no
separated cycles with the same color sequence [6].
4.3 Region III: Trackable
Crespi et al. characterize trackability by considering the
node sequences consistent with all possible color sequences
[3]. A graph is trackable if and only if, for each possible color
sequence, there is at most one path from each node v at time
t1 back to itself at time t2 which is consistent with the color
sequence (this is the “unique path property”). But, if two
different paths begin and end at the same node and have the
same color sequence, then they form a pair of intersecting
cycles with the same coloring. Therefore, the absence of such
cycles is a necessary and sufficient condition for a graph to
be trackable.
5CG No separated cycles
with same coloring:
partly a posteriori observable
No intersecting cycles
with same coloring:
trackable
No same-colored
out-neighbors:
semi-unifilar
No pathologies:
observable
No cycles in G˜2:
partly observable
I
II III
IV
V
VI
VII
VIII
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Fig. 5: Venn diagram depicting the taxonomy of colored graphs. Roman numerals in each portion of the diagram are used
to refer to the different portions throughout the text. The “CG” in the upper left (region I) stands for “colored graph” – the
universe of all possible colored graphs.
4.4 Region IV: Partly a Posteriori Observable and
Trackable
As shown by the example in Figure 6d, it is possible for a
graph to lack both separated and intersecting cycles with
the same coloring but to not belong to any of the more
restrictive classes. Namely, the absence of both separated
and intersecting cycles with the same color sequence is not
a sufficient condition for a graph to be partly observable.
(Nor is it a necessary condition, see Figure 6e.)
4.5 Regions V and VI: Partly Observable
Partial observability is characterized by another auxil-
iary graph, G˜2 [6]. To construct G˜2, add the edge
((v1, v2), (v
′
1, v
′
2)) to G
2 if the following three conditions are
met:
1) G has edge (v1, v′1) or (v2, v
′
1)
2) G has edge (v1, v′2) or (v2, v
′
2)
3) v′1 and v
′
2 have the same color (i.e., L(v
′
1) ∩ L(v′2) 6=
∅)
A graph is partly observable if G˜2 is acyclic. Because G˜2
is a supergraph of G2, it has at least as many cycles as G2
and hence partly observable is a subset of partly a posteriori
observable.
Graphs which are partly a posteriori observable but not
partly observable (i.e., G2 is acyclic but G˜2 is not) appear
to be characterized by a specific class of same-colored out-
neighbors similar to the example in Figure 6d: there is a
cycle connected to a path which permits the same sequence
of colors as the cycle, but the path ends at a different node
and hence does not form an intersecting cycle. The net effect
of this configuration is to permit color sequences of arbitrary
length with ambiguous endpoints, thereby violating the
conditions for partial observability. Specifically, in Figure 6d,
we cannot know in real-time when a sequence of the form
(
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,
<latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit>
,
<latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit>
,
<latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit>
, . . . ) has transitioned from the left-hand branch
to the right-hand branch. But, once we see the sequence
(
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) twice in a row, we know that the previous two
nodes were in the left-hand branch, but remain uncertain
about which branch the agent is currently on. Therefore,
the net effect of this pathology is simply to increase the lag
β for correct identification of nodes. Because the effect on
(α, β, γ)-currency is identical to the more general class of
same-colored out-neighbors which do not form intersecting
cycles, we have chosen to not include this as a specific
pathology in Table 1, but simply include partly observable
as a subset in our taxonomy.
As noted in [6], partly observable graphs may or may
not be trackable. We have designated these cases regions V
and VI, respectively.
4.6 Region VII: Semi-Unifilar
A graph G = (V,E,L,Φ) is unifilar if the following three
conditions are met [5]:
1) Each node v ∈ V emits exactly one color: |L(v)| = 1.
2) For each node v ∈ V and each color c ∈ Φ, there is
at most one out-neighbor of v which can emit c.
3) For each color c ∈ Φ, the agent can start at at most
one node which emits c.
Condition 1 is not necessary for the favorable tracking
properties of unifilar graphs described in Section 2.2. (It
is used in [5] to establish bounds on the rate of growth
of the set of possible color sequences from weak models.)
6(a) Region I: all
pathologies
(b) Region II: no sep-
arated cycles: partly a
posteriori observable
(c) Region III: no inter-
secting cycles: track-
able
(d) Region IV: no sep-
arated or intersecting
cycles: partly a pos-
teriori observable and
trackable
(e) Region
V: acyclic
G˜2: partly
observable
(f) Region VI: acyclic G˜2
and no intersecting cy-
cles: partly observable and
trackable
(g) Region VII: no same-
colored out-neighbors:
semi-unifilar
(h) Region VIII:
no pathologies:
observable
Fig. 6: Example graphs for each region of Figure 5.
Condition 2 simply states that there are no same-colored
out-neighbors. Our taxonomy does not consider the set of
nodes which the agent is permitted to start at, so we do not
consider condition 3. Therefore, we call a graph semi-unifilar
if it satisfies condition 2 (no same-colored out-neighbors).
Semi-unifilar graphs have the property that, once a node
is identified unambiguously, all nodes from then on will
also be identified unambiguously. But, semi-unifilar graphs
do not have any guarantees that you will be able to perform
this initial localization. For example, the graph in Figure 4
is semi-unifilar but, because of its symmetry, it will never
be possible to unambiguously identify any nodes without
additional information beyond the observed color sequence.
Because intersecting cycles with the same coloring are a
specific case of same-colored out-neighbors, semi-unifilar is
clearly a subset of trackable. Contradicting the assertion that
unifilar graphs are a particular case of observable graphs
in Section 1 of [6], we note that unifilar (and semi-unifilar)
graphs can have separated cycles with the same coloring,
and are therefore in fact a superset of observable graphs. An
example of a semi-unifilar graph which is not observable is
given in Figure 6g.
4.7 Region VIII: Observable
A graph is observable if it lacks both separated cycles with
the same coloring and same-colored out-neighbors [6]. In
other words, observable graphs are pathology-free.
5 NUMERICAL EXPERIMENTS: CHANGING GRAPH
CLASS WITH INDICATOR NODES
In order to illustrate the effects of the pathologies and
mitigations, we have conducted a series of numerical ex-
periments using the graph shown in Figure 7a. This graph
has all three pathologies present, and hence is expected to
have poor tracking performance.
5.1 Improving Tracking Performance: Trackable and
Semi-Unifilar
The base case shown in Figure 7a has a pair of intersecting
cycles of the form (
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,
<latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit>
,
<latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit>
,
<latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit>
,
<latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit>
). These will prevent
reconstruction of which nodes were visited: every time the
sequence (
<latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit>
,
<latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit><latexit sha1_base64="AxRy V4w2nDNrmWzmtqdnhgH7lTo=">AAAEi3icdZNdb9MwFIa9rcAoD Da45CaiIDZpqpz0Iy0wNJq12sWQhrQvqa0mxz3NrDkfsh1YifKn +DVwCb8Ep2u2NR2OYp28zzmx/dp2I86kwvj30vJK6cHDR6uPy0 +erj17vr7x4kSGsaBwTEMeijOXSOAsgGPFFIezSADxXQ6n7qWT8 dNvICQLgyM1iWDoEy9gY0aJ0tL5+sHABY8FiWKXPyJGVSwgHYwZ 50bfM4fGJt7GW4YAqkjgcdDfVauxbWT91ocBBKO5wvP1Cq7iaTM WA3MWVNCsHZ5vrLwbjEIa+xAoyomUfRNHapgQoRjlkJYHsYSI0E viQV+HAfFBDpPpslPjrVZGxjgU+g2UMVXvViTEl3LiuzrTJ+pCF lkm3sf6sRq3hgkLolhBQK8HGsfcUKGReWiMWOYIn+iAUMH0XA16 QQShSjtdnhsm+3mk/Kt0Xs5cm0lZyJkriJjodYvwu0z/o1d9UG QRygsSgax6EGouGNUZGdZJyaed5IAouOpLSjjsmHrbhqnmIxjr8 zI1LHFwmuwffTlIE7Nn2516EZs57vXsHu4WsZVjy/mMLaeIazne a1q21Srieo7b9abd2SviRo5bTqNZ7xRxM8fdmm3rmRSwnWO7lz1 F3Mpxx+nsWQvV7Rtb7E7X6WW7dZd7N7Zhp2G2i1P3bm2bHvoivr ENY+ceXLutbpsZ1lfLLF6kxeDEqpo6/mpVdt/MLtkqeoVeo01kI hvton10iI4RRT/RL/QH/S2tlWql96WP16nLS7Oal2iulbr/AMF8 fho=</latexit>
) is observed, the size of the hypothesis set
doubles, consistent with the exponential growth expected
for an untrackable graph.
To illustrate this, we simulated 10 000 draws of 50 steps
each from an HMM defined by the graph shown in Fig-
ure 7a. The probabilities of transitions out of each node
were set to be equal, and the nodes were taken to be single-
colored. To capture the steady-state behavior, we set the
initial state distribution of the HMM to be equal to the
equilibrium distribution. We then used the Viterbi algorithm
to reconstruct the node sequence from the color sequence
with various lags β and record lengths γ.
The accuracy α = P (Xˆt−β = Xt−β) (where Xˆt and Xt
are the predicted and true nodes at time t, respectively) is
shown in Figure 8a. The median accuracy for the base graph
is 78%, and drops to 50% for very short record lengths. The
steady-state (i.e., high-γ) behavior is shown in Figure 9.
The tracking accuracy is equally poor at all lags: longer
record lengths and/or lags do not help reduce the effects
of intersecting cycles with the same coloring.
Now consider the addition of an indicator node to
mitigate the intersecting cycles, as shown in Figure 7b.
The indicator node was placed just before the central node
to preserve the same-colored out-neighbors: the modified
graph is trackable, but not semi-unifilar. Tracking accuracy
for the modified graph (Figure 8b) is 100% for β ≥ 4, but
the same-colored out-neighbors cause it to drop to around
79% for β = 0.
Next, consider moving the indicator node so it also
mitigates the same-colored out-neighbors, as shown in Fig-
ure 7c. Tracking accuracy for the modified graph (Figure 8c)
is 100% for β < γ−4, but the accuracy drops for the first four
time steps recorded because there is no way to determine
which branch an initial sequence of
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came from.
5.2 Reducing Burn-In Time: Observable
The graphs considered above contain a pair of separated
cycles of the form (
<latexit sha1_base64="DhUK NZ2ORtiYH8CL1aQPkI6s8+4=">AAAEqnicdZNbb9MwGIbdrcAop w0uubEoiCGtlZMe0goNjWatdjGkgXZCbTU5rptadQ6yHViJ8iO5 5Jdwi9M165oOW5Fef8/32c5r2wk5kwqhP4WNzeKDh4+2HpeePH 32/MX2zstzGUSC0DMS8EBcOlhSznx6ppji9DIUFHsOpxfO1E75x Q8qJAv8UzUL6dDDrs/GjGClQ1fb04FDXebHik1/hYyoSNBkMGac w75rDuEu2oOoalgfYKWiB1rp8WKwBytLVLnLyIxw+nFA/dHKvFf bZVRF8wbXhbEQZbBoJ1c7m+8Ho4BEHvUV4VjKvoFCNYyxUEyvkJ QGkaQhJlPs0r6WPvaoHMZzVxL4TkdGcBwI/fkKzqN3K2LsSTnzH J3pYTWReZYG72P9SI1bw5j5YaSoT24WGkccqgCmFsMRE5QoPtMC E8H0XiGZYIGJ0gdRWlkmnTxU3nWyGk5dW4RSyZkjsJjp/xbBT5 n8J171qMLrUE5wSGXVpYHmghGdkWKdFH/aj4+xotd9STCn+0bVb AwTzUd0rK/T3LDYRkl8dPrlOImNnmV16nlsZLjXs3qom8dmhk37 MzLtPK5l+LBpWmYrj+sZbtebVucwjxsZbtmNZr2Tx80Md2uWpXe Sw1aGrV7a87iV4Y7dOTTXqtu3tlidrt1LT+sud29tQ3bDaOe37i 5tm1/6PL61DSH7HlxbVreNFOunZeQf0ro4N6uG1l/N8sHbxSPbA q/BG7ALDGCBA3AETsAZIOA3+FsAhUJxr/it+L3Yv0ndKCxqXoGV Vhz9A7WtgXg=</latexit><latexit sha1_base64="DhUK NZ2ORtiYH8CL1aQPkI6s8+4=">AAAEqnicdZNbb9MwGIbdrcAop w0uubEoiCGtlZMe0goNjWatdjGkgXZCbTU5rptadQ6yHViJ8iO5 5Jdwi9M165oOW5Fef8/32c5r2wk5kwqhP4WNzeKDh4+2HpeePH 32/MX2zstzGUSC0DMS8EBcOlhSznx6ppji9DIUFHsOpxfO1E75x Q8qJAv8UzUL6dDDrs/GjGClQ1fb04FDXebHik1/hYyoSNBkMGac w75rDuEu2oOoalgfYKWiB1rp8WKwBytLVLnLyIxw+nFA/dHKvFf bZVRF8wbXhbEQZbBoJ1c7m+8Ho4BEHvUV4VjKvoFCNYyxUEyvkJ QGkaQhJlPs0r6WPvaoHMZzVxL4TkdGcBwI/fkKzqN3K2LsSTnzH J3pYTWReZYG72P9SI1bw5j5YaSoT24WGkccqgCmFsMRE5QoPtMC E8H0XiGZYIGJ0gdRWlkmnTxU3nWyGk5dW4RSyZkjsJjp/xbBT5 n8J171qMLrUE5wSGXVpYHmghGdkWKdFH/aj4+xotd9STCn+0bVb AwTzUd0rK/T3LDYRkl8dPrlOImNnmV16nlsZLjXs3qom8dmhk37 MzLtPK5l+LBpWmYrj+sZbtebVucwjxsZbtmNZr2Tx80Md2uWpXe Sw1aGrV7a87iV4Y7dOTTXqtu3tlidrt1LT+sud29tQ3bDaOe37i 5tm1/6PL61DSH7HlxbVreNFOunZeQf0ro4N6uG1l/N8sHbxSPbA q/BG7ALDGCBA3AETsAZIOA3+FsAhUJxr/it+L3Yv0ndKCxqXoGV Vhz9A7WtgXg=</latexit><latexit sha1_base64="DhUK NZ2ORtiYH8CL1aQPkI6s8+4=">AAAEqnicdZNbb9MwGIbdrcAop w0uubEoiCGtlZMe0goNjWatdjGkgXZCbTU5rptadQ6yHViJ8iO5 5Jdwi9M165oOW5Fef8/32c5r2wk5kwqhP4WNzeKDh4+2HpeePH 32/MX2zstzGUSC0DMS8EBcOlhSznx6ppji9DIUFHsOpxfO1E75x Q8qJAv8UzUL6dDDrs/GjGClQ1fb04FDXebHik1/hYyoSNBkMGac w75rDuEu2oOoalgfYKWiB1rp8WKwBytLVLnLyIxw+nFA/dHKvFf bZVRF8wbXhbEQZbBoJ1c7m+8Ho4BEHvUV4VjKvoFCNYyxUEyvkJ QGkaQhJlPs0r6WPvaoHMZzVxL4TkdGcBwI/fkKzqN3K2LsSTnzH J3pYTWReZYG72P9SI1bw5j5YaSoT24WGkccqgCmFsMRE5QoPtMC E8H0XiGZYIGJ0gdRWlkmnTxU3nWyGk5dW4RSyZkjsJjp/xbBT5 n8J171qMLrUE5wSGXVpYHmghGdkWKdFH/aj4+xotd9STCn+0bVb AwTzUd0rK/T3LDYRkl8dPrlOImNnmV16nlsZLjXs3qom8dmhk37 MzLtPK5l+LBpWmYrj+sZbtebVucwjxsZbtmNZr2Tx80Md2uWpXe Sw1aGrV7a87iV4Y7dOTTXqtu3tlidrt1LT+sud29tQ3bDaOe37i 5tm1/6PL61DSH7HlxbVreNFOunZeQf0ro4N6uG1l/N8sHbxSPbA q/BG7ALDGCBA3AETsAZIOA3+FsAhUJxr/it+L3Yv0ndKCxqXoGV Vhz9A7WtgXg=</latexit><latexit sha1_base64="DhUK NZ2ORtiYH8CL1aQPkI6s8+4=">AAAEqnicdZNbb9MwGIbdrcAop w0uubEoiCGtlZMe0goNjWatdjGkgXZCbTU5rptadQ6yHViJ8iO5 5Jdwi9M165oOW5Fef8/32c5r2wk5kwqhP4WNzeKDh4+2HpeePH 32/MX2zstzGUSC0DMS8EBcOlhSznx6ppji9DIUFHsOpxfO1E75x Q8qJAv8UzUL6dDDrs/GjGClQ1fb04FDXebHik1/hYyoSNBkMGac w75rDuEu2oOoalgfYKWiB1rp8WKwBytLVLnLyIxw+nFA/dHKvFf bZVRF8wbXhbEQZbBoJ1c7m+8Ho4BEHvUV4VjKvoFCNYyxUEyvkJ QGkaQhJlPs0r6WPvaoHMZzVxL4TkdGcBwI/fkKzqN3K2LsSTnzH J3pYTWReZYG72P9SI1bw5j5YaSoT24WGkccqgCmFsMRE5QoPtMC E8H0XiGZYIGJ0gdRWlkmnTxU3nWyGk5dW4RSyZkjsJjp/xbBT5 n8J171qMLrUE5wSGXVpYHmghGdkWKdFH/aj4+xotd9STCn+0bVb AwTzUd0rK/T3LDYRkl8dPrlOImNnmV16nlsZLjXs3qom8dmhk37 MzLtPK5l+LBpWmYrj+sZbtebVucwjxsZbtmNZr2Tx80Md2uWpXe Sw1aGrV7a87iV4Y7dOTTXqtu3tlidrt1LT+sud29tQ3bDaOe37i 5tm1/6PL61DSH7HlxbVreNFOunZeQf0ro4N6uG1l/N8sHbxSPbA q/BG7ALDGCBA3AETsAZIOA3+FsAhUJxr/it+L3Yv0ndKCxqXoGV Vhz9A7WtgXg=</latexit>
,
<latexit sha1_base64="wF36 ZVriMyWDxkyD8sC86m7qTGM=">AAAEmnicdZPrbtMwFMe9rcAYt w0+woeIgRgSi5z0klZoaCRtNcSQhtRdpLaqHNfNrDoX2Q6sRHk4 HoMn4Cu8AU7XdG06HEX6+/zOsZ1/fNyIUSEh/LW2vlG6c/fe5v 2tBw8fPX6yvfP0TIQxx+QUhyzkFy4ShNGAnEoqGbmIOEG+y8i5O 3Yyfv6NcEHDoCMnEen7yAvoiGIkVWiw3e25xKNBIun4R0SxjDlJ eyPKmNb1yn1tD77T4Fttf18pvbygjaqa6GZtOscTzMj7HgmGS+s MtnehDqdDWxXGTOyC2TgZ7Gy86Q1DHPskkJghIboGjGQ/QVxStU O61YsFiRAeI490lQyQT0Q/mbqQaq9VZKiNQq7eQGrT6GJFgnwhJ r6rMn0kL0WRZcHbWDeWo3o/oUEUSxLg641GMdNkqGWWakPKCZZs ogTCnKqzavgScYSlMn5raZts8Uj6V+lyOHNtFsokoy5HfKK+m4 ffRfqfuO4TiVahuEQREbpHQsU5xSojwyop+XCQHCNJrroCI0YOD N2s9lPFh2Skrs/UsMSBaXLU+XKcJkbbsuxKERs5bretNmwVsZlj 0/kITaeIyzlu1kzLrBdxJceNSs2ym0VczXHdqdYqdhHXctwqW5Y 6SQFbObba2VPE9Rzbjt00V6obc1ssu+W0s7+1yL25bdCpGo3i0b 0b26aXvojntkHo3ILLN9UNI8OqtYxiI62KM1M3lP5q7h6+mjXZJ ngOXoI9YAALHIIjcAJOAQY/wW/wB/wtvSjZpU+lz9ep62uzmmdg aZQ6/wCDyoAZ</latexit><latexit sha1_base64="wF36 ZVriMyWDxkyD8sC86m7qTGM=">AAAEmnicdZPrbtMwFMe9rcAYt w0+woeIgRgSi5z0klZoaCRtNcSQhtRdpLaqHNfNrDoX2Q6sRHk4 HoMn4Cu8AU7XdG06HEX6+/zOsZ1/fNyIUSEh/LW2vlG6c/fe5v 2tBw8fPX6yvfP0TIQxx+QUhyzkFy4ShNGAnEoqGbmIOEG+y8i5O 3Yyfv6NcEHDoCMnEen7yAvoiGIkVWiw3e25xKNBIun4R0SxjDlJ eyPKmNb1yn1tD77T4Fttf18pvbygjaqa6GZtOscTzMj7HgmGS+s MtnehDqdDWxXGTOyC2TgZ7Gy86Q1DHPskkJghIboGjGQ/QVxStU O61YsFiRAeI490lQyQT0Q/mbqQaq9VZKiNQq7eQGrT6GJFgnwhJ r6rMn0kL0WRZcHbWDeWo3o/oUEUSxLg641GMdNkqGWWakPKCZZs ogTCnKqzavgScYSlMn5raZts8Uj6V+lyOHNtFsokoy5HfKK+m4 ffRfqfuO4TiVahuEQREbpHQsU5xSojwyop+XCQHCNJrroCI0YOD N2s9lPFh2Skrs/UsMSBaXLU+XKcJkbbsuxKERs5bretNmwVsZlj 0/kITaeIyzlu1kzLrBdxJceNSs2ym0VczXHdqdYqdhHXctwqW5Y 6SQFbObba2VPE9Rzbjt00V6obc1ssu+W0s7+1yL25bdCpGo3i0b 0b26aXvojntkHo3ILLN9UNI8OqtYxiI62KM1M3lP5q7h6+mjXZJ ngOXoI9YAALHIIjcAJOAQY/wW/wB/wtvSjZpU+lz9ep62uzmmdg aZQ6/wCDyoAZ</latexit><latexit sha1_base64="wF36 ZVriMyWDxkyD8sC86m7qTGM=">AAAEmnicdZPrbtMwFMe9rcAYt w0+woeIgRgSi5z0klZoaCRtNcSQhtRdpLaqHNfNrDoX2Q6sRHk4 HoMn4Cu8AU7XdG06HEX6+/zOsZ1/fNyIUSEh/LW2vlG6c/fe5v 2tBw8fPX6yvfP0TIQxx+QUhyzkFy4ShNGAnEoqGbmIOEG+y8i5O 3Yyfv6NcEHDoCMnEen7yAvoiGIkVWiw3e25xKNBIun4R0SxjDlJ eyPKmNb1yn1tD77T4Fttf18pvbygjaqa6GZtOscTzMj7HgmGS+s MtnehDqdDWxXGTOyC2TgZ7Gy86Q1DHPskkJghIboGjGQ/QVxStU O61YsFiRAeI490lQyQT0Q/mbqQaq9VZKiNQq7eQGrT6GJFgnwhJ r6rMn0kL0WRZcHbWDeWo3o/oUEUSxLg641GMdNkqGWWakPKCZZs ogTCnKqzavgScYSlMn5raZts8Uj6V+lyOHNtFsokoy5HfKK+m4 ffRfqfuO4TiVahuEQREbpHQsU5xSojwyop+XCQHCNJrroCI0YOD N2s9lPFh2Skrs/UsMSBaXLU+XKcJkbbsuxKERs5bretNmwVsZlj 0/kITaeIyzlu1kzLrBdxJceNSs2ym0VczXHdqdYqdhHXctwqW5Y 6SQFbObba2VPE9Rzbjt00V6obc1ssu+W0s7+1yL25bdCpGo3i0b 0b26aXvojntkHo3ILLN9UNI8OqtYxiI62KM1M3lP5q7h6+mjXZJ ngOXoI9YAALHIIjcAJOAQY/wW/wB/wtvSjZpU+lz9ep62uzmmdg aZQ6/wCDyoAZ</latexit><latexit sha1_base64="wF36 ZVriMyWDxkyD8sC86m7qTGM=">AAAEmnicdZPrbtMwFMe9rcAYt w0+woeIgRgSi5z0klZoaCRtNcSQhtRdpLaqHNfNrDoX2Q6sRHk4 HoMn4Cu8AU7XdG06HEX6+/zOsZ1/fNyIUSEh/LW2vlG6c/fe5v 2tBw8fPX6yvfP0TIQxx+QUhyzkFy4ShNGAnEoqGbmIOEG+y8i5O 3Yyfv6NcEHDoCMnEen7yAvoiGIkVWiw3e25xKNBIun4R0SxjDlJ eyPKmNb1yn1tD77T4Fttf18pvbygjaqa6GZtOscTzMj7HgmGS+s MtnehDqdDWxXGTOyC2TgZ7Gy86Q1DHPskkJghIboGjGQ/QVxStU O61YsFiRAeI490lQyQT0Q/mbqQaq9VZKiNQq7eQGrT6GJFgnwhJ r6rMn0kL0WRZcHbWDeWo3o/oUEUSxLg641GMdNkqGWWakPKCZZs ogTCnKqzavgScYSlMn5raZts8Uj6V+lyOHNtFsokoy5HfKK+m4 ffRfqfuO4TiVahuEQREbpHQsU5xSojwyop+XCQHCNJrroCI0YOD N2s9lPFh2Skrs/UsMSBaXLU+XKcJkbbsuxKERs5bretNmwVsZlj 0/kITaeIyzlu1kzLrBdxJceNSs2ym0VczXHdqdYqdhHXctwqW5Y 6SQFbObba2VPE9Rzbjt00V6obc1ssu+W0s7+1yL25bdCpGo3i0b 0b26aXvojntkHo3ILLN9UNI8OqtYxiI62KM1M3lP5q7h6+mjXZJ ngOXoI9YAALHIIjcAJOAQY/wW/wB/wtvSjZpU+lz9ep62uzmmdg aZQ6/wCDyoAZ</latexit>
) which are expected to increase the
burn-in time before states can be identified unambiguously.
The stationary distribution for the examples above has most
7(a) Base case: all pathologies (b) Mitigate intersecting cycles: trackable
(c) Mitigate same-colored out-neighbors: semi-
unifilar
(d) Mitigate separated cycles: observable
Fig. 7: Successive mitigations of colored graph pathologies.
Fig. 8: Accuracy α = P (Xˆt−β = Xt−β) as a function of lag β and record length γ for the (a) basic, (b) trackable, and (c)
semi-unifilar graphs. The white regions correspond to β ≥ γ, for which the behavior is undefined.
of its mass in the eight
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nodes, which ends up masking this
effect. In order to characterize the effect of separated cycles,
we generated another set of 10 000 realizations, each with 50
time steps. For this experiment the initial state distribution
was set to be uniform over the lower four nodes in Figure 7a
(i.e., the ones which form the separated cycles with the same
coloring).
We start with the semi-unifilar graph in Figure 7c be-
cause the effects of the other pathologies have already been
shown above. Tracking accuracy for this case is shown in
Figure 10a. The accuracy starts out poor for all lags β, but
gradually improves as the record length γ increases. The
lack of dependence on the lag β is expected: the graph is
semi-unifilar, so once
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is observed for the first time un-
ambiguous real-time tracking is guaranteed. Furthermore,
because the observations cannot start at any of the
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nodes,
all of the initial states are reconstructed once one of the two
sequences (
<latexit sha1_base64="DhUK NZ2ORtiYH8CL1aQPkI6s8+4=">AAAEqnicdZNbb9MwGIbdrcAop w0uubEoiCGtlZMe0goNjWatdjGkgXZCbTU5rptadQ6yHViJ8iO5 5Jdwi9M165oOW5Fef8/32c5r2wk5kwqhP4WNzeKDh4+2HpeePH 32/MX2zstzGUSC0DMS8EBcOlhSznx6ppji9DIUFHsOpxfO1E75x Q8qJAv8UzUL6dDDrs/GjGClQ1fb04FDXebHik1/hYyoSNBkMGac w75rDuEu2oOoalgfYKWiB1rp8WKwBytLVLnLyIxw+nFA/dHKvFf bZVRF8wbXhbEQZbBoJ1c7m+8Ho4BEHvUV4VjKvoFCNYyxUEyvkJ QGkaQhJlPs0r6WPvaoHMZzVxL4TkdGcBwI/fkKzqN3K2LsSTnzH J3pYTWReZYG72P9SI1bw5j5YaSoT24WGkccqgCmFsMRE5QoPtMC E8H0XiGZYIGJ0gdRWlkmnTxU3nWyGk5dW4RSyZkjsJjp/xbBT5 n8J171qMLrUE5wSGXVpYHmghGdkWKdFH/aj4+xotd9STCn+0bVb AwTzUd0rK/T3LDYRkl8dPrlOImNnmV16nlsZLjXs3qom8dmhk37 MzLtPK5l+LBpWmYrj+sZbtebVucwjxsZbtmNZr2Tx80Md2uWpXe Sw1aGrV7a87iV4Y7dOTTXqtu3tlidrt1LT+sud29tQ3bDaOe37i 5tm1/6PL61DSH7HlxbVreNFOunZeQf0ro4N6uG1l/N8sHbxSPbA q/BG7ALDGCBA3AETsAZIOA3+FsAhUJxr/it+L3Yv0ndKCxqXoGV Vhz9A7WtgXg=</latexit><latexit sha1_base64="DhUK NZ2ORtiYH8CL1aQPkI6s8+4=">AAAEqnicdZNbb9MwGIbdrcAop w0uubEoiCGtlZMe0goNjWatdjGkgXZCbTU5rptadQ6yHViJ8iO5 5Jdwi9M165oOW5Fef8/32c5r2wk5kwqhP4WNzeKDh4+2HpeePH 32/MX2zstzGUSC0DMS8EBcOlhSznx6ppji9DIUFHsOpxfO1E75x Q8qJAv8UzUL6dDDrs/GjGClQ1fb04FDXebHik1/hYyoSNBkMGac w75rDuEu2oOoalgfYKWiB1rp8WKwBytLVLnLyIxw+nFA/dHKvFf bZVRF8wbXhbEQZbBoJ1c7m+8Ho4BEHvUV4VjKvoFCNYyxUEyvkJ QGkaQhJlPs0r6WPvaoHMZzVxL4TkdGcBwI/fkKzqN3K2LsSTnzH J3pYTWReZYG72P9SI1bw5j5YaSoT24WGkccqgCmFsMRE5QoPtMC E8H0XiGZYIGJ0gdRWlkmnTxU3nWyGk5dW4RSyZkjsJjp/xbBT5 n8J171qMLrUE5wSGXVpYHmghGdkWKdFH/aj4+xotd9STCn+0bVb AwTzUd0rK/T3LDYRkl8dPrlOImNnmV16nlsZLjXs3qom8dmhk37 MzLtPK5l+LBpWmYrj+sZbtebVucwjxsZbtmNZr2Tx80Md2uWpXe Sw1aGrV7a87iV4Y7dOTTXqtu3tlidrt1LT+sud29tQ3bDaOe37i 5tm1/6PL61DSH7HlxbVreNFOunZeQf0ro4N6uG1l/N8sHbxSPbA q/BG7ALDGCBA3AETsAZIOA3+FsAhUJxr/it+L3Yv0ndKCxqXoGV Vhz9A7WtgXg=</latexit><latexit sha1_base64="DhUK NZ2ORtiYH8CL1aQPkI6s8+4=">AAAEqnicdZNbb9MwGIbdrcAop w0uubEoiCGtlZMe0goNjWatdjGkgXZCbTU5rptadQ6yHViJ8iO5 5Jdwi9M165oOW5Fef8/32c5r2wk5kwqhP4WNzeKDh4+2HpeePH 32/MX2zstzGUSC0DMS8EBcOlhSznx6ppji9DIUFHsOpxfO1E75x Q8qJAv8UzUL6dDDrs/GjGClQ1fb04FDXebHik1/hYyoSNBkMGac w75rDuEu2oOoalgfYKWiB1rp8WKwBytLVLnLyIxw+nFA/dHKvFf bZVRF8wbXhbEQZbBoJ1c7m+8Ho4BEHvUV4VjKvoFCNYyxUEyvkJ QGkaQhJlPs0r6WPvaoHMZzVxL4TkdGcBwI/fkKzqN3K2LsSTnzH J3pYTWReZYG72P9SI1bw5j5YaSoT24WGkccqgCmFsMRE5QoPtMC E8H0XiGZYIGJ0gdRWlkmnTxU3nWyGk5dW4RSyZkjsJjp/xbBT5 n8J171qMLrUE5wSGXVpYHmghGdkWKdFH/aj4+xotd9STCn+0bVb AwTzUd0rK/T3LDYRkl8dPrlOImNnmV16nlsZLjXs3qom8dmhk37 MzLtPK5l+LBpWmYrj+sZbtebVucwjxsZbtmNZr2Tx80Md2uWpXe Sw1aGrV7a87iV4Y7dOTTXqtu3tlidrt1LT+sud29tQ3bDaOe37i 5tm1/6PL61DSH7HlxbVreNFOunZeQf0ro4N6uG1l/N8sHbxSPbA q/BG7ALDGCBA3AETsAZIOA3+FsAhUJxr/it+L3Yv0ndKCxqXoGV Vhz9A7WtgXg=</latexit><latexit sha1_base64="DhUK NZ2ORtiYH8CL1aQPkI6s8+4=">AAAEqnicdZNbb9MwGIbdrcAop w0uubEoiCGtlZMe0goNjWatdjGkgXZCbTU5rptadQ6yHViJ8iO5 5Jdwi9M165oOW5Fef8/32c5r2wk5kwqhP4WNzeKDh4+2HpeePH 32/MX2zstzGUSC0DMS8EBcOlhSznx6ppji9DIUFHsOpxfO1E75x Q8qJAv8UzUL6dDDrs/GjGClQ1fb04FDXebHik1/hYyoSNBkMGac w75rDuEu2oOoalgfYKWiB1rp8WKwBytLVLnLyIxw+nFA/dHKvFf bZVRF8wbXhbEQZbBoJ1c7m+8Ho4BEHvUV4VjKvoFCNYyxUEyvkJ QGkaQhJlPs0r6WPvaoHMZzVxL4TkdGcBwI/fkKzqN3K2LsSTnzH J3pYTWReZYG72P9SI1bw5j5YaSoT24WGkccqgCmFsMRE5QoPtMC E8H0XiGZYIGJ0gdRWlkmnTxU3nWyGk5dW4RSyZkjsJjp/xbBT5 n8J171qMLrUE5wSGXVpYHmghGdkWKdFH/aj4+xotd9STCn+0bVb AwTzUd0rK/T3LDYRkl8dPrlOImNnmV16nlsZLjXs3qom8dmhk37 MzLtPK5l+LBpWmYrj+sZbtebVucwjxsZbtmNZr2Tx80Md2uWpXe Sw1aGrV7a87iV4Y7dOTTXqtu3tlidrt1LT+sud29tQ3bDaOe37i 5tm1/6PL61DSH7HlxbVreNFOunZeQf0ro4N6uG1l/N8sHbxSPbA q/BG7ALDGCBA3AETsAZIOA3+FsAhUJxr/it+L3Yv0ndKCxqXoGV Vhz9A7WtgXg=</latexit>
,
<latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit>
) or (
<latexit sha1_base64="wF36 ZVriMyWDxkyD8sC86m7qTGM=">AAAEmnicdZPrbtMwFMe9rcAYt w0+woeIgRgSi5z0klZoaCRtNcSQhtRdpLaqHNfNrDoX2Q6sRHk4 HoMn4Cu8AU7XdG06HEX6+/zOsZ1/fNyIUSEh/LW2vlG6c/fe5v 2tBw8fPX6yvfP0TIQxx+QUhyzkFy4ShNGAnEoqGbmIOEG+y8i5O 3Yyfv6NcEHDoCMnEen7yAvoiGIkVWiw3e25xKNBIun4R0SxjDlJ eyPKmNb1yn1tD77T4Fttf18pvbygjaqa6GZtOscTzMj7HgmGS+s MtnehDqdDWxXGTOyC2TgZ7Gy86Q1DHPskkJghIboGjGQ/QVxStU O61YsFiRAeI490lQyQT0Q/mbqQaq9VZKiNQq7eQGrT6GJFgnwhJ r6rMn0kL0WRZcHbWDeWo3o/oUEUSxLg641GMdNkqGWWakPKCZZs ogTCnKqzavgScYSlMn5raZts8Uj6V+lyOHNtFsokoy5HfKK+m4 ffRfqfuO4TiVahuEQREbpHQsU5xSojwyop+XCQHCNJrroCI0YOD N2s9lPFh2Skrs/UsMSBaXLU+XKcJkbbsuxKERs5bretNmwVsZlj 0/kITaeIyzlu1kzLrBdxJceNSs2ym0VczXHdqdYqdhHXctwqW5Y 6SQFbObba2VPE9Rzbjt00V6obc1ssu+W0s7+1yL25bdCpGo3i0b 0b26aXvojntkHo3ILLN9UNI8OqtYxiI62KM1M3lP5q7h6+mjXZJ ngOXoI9YAALHIIjcAJOAQY/wW/wB/wtvSjZpU+lz9ep62uzmmdg aZQ6/wCDyoAZ</latexit><latexit sha1_base64="wF36 ZVriMyWDxkyD8sC86m7qTGM=">AAAEmnicdZPrbtMwFMe9rcAYt w0+woeIgRgSi5z0klZoaCRtNcSQhtRdpLaqHNfNrDoX2Q6sRHk4 HoMn4Cu8AU7XdG06HEX6+/zOsZ1/fNyIUSEh/LW2vlG6c/fe5v 2tBw8fPX6yvfP0TIQxx+QUhyzkFy4ShNGAnEoqGbmIOEG+y8i5O 3Yyfv6NcEHDoCMnEen7yAvoiGIkVWiw3e25xKNBIun4R0SxjDlJ eyPKmNb1yn1tD77T4Fttf18pvbygjaqa6GZtOscTzMj7HgmGS+s MtnehDqdDWxXGTOyC2TgZ7Gy86Q1DHPskkJghIboGjGQ/QVxStU O61YsFiRAeI490lQyQT0Q/mbqQaq9VZKiNQq7eQGrT6GJFgnwhJ r6rMn0kL0WRZcHbWDeWo3o/oUEUSxLg641GMdNkqGWWakPKCZZs ogTCnKqzavgScYSlMn5raZts8Uj6V+lyOHNtFsokoy5HfKK+m4 ffRfqfuO4TiVahuEQREbpHQsU5xSojwyop+XCQHCNJrroCI0YOD N2s9lPFh2Skrs/UsMSBaXLU+XKcJkbbsuxKERs5bretNmwVsZlj 0/kITaeIyzlu1kzLrBdxJceNSs2ym0VczXHdqdYqdhHXctwqW5Y 6SQFbObba2VPE9Rzbjt00V6obc1ssu+W0s7+1yL25bdCpGo3i0b 0b26aXvojntkHo3ILLN9UNI8OqtYxiI62KM1M3lP5q7h6+mjXZJ ngOXoI9YAALHIIjcAJOAQY/wW/wB/wtvSjZpU+lz9ep62uzmmdg aZQ6/wCDyoAZ</latexit><latexit sha1_base64="wF36 ZVriMyWDxkyD8sC86m7qTGM=">AAAEmnicdZPrbtMwFMe9rcAYt w0+woeIgRgSi5z0klZoaCRtNcSQhtRdpLaqHNfNrDoX2Q6sRHk4 HoMn4Cu8AU7XdG06HEX6+/zOsZ1/fNyIUSEh/LW2vlG6c/fe5v 2tBw8fPX6yvfP0TIQxx+QUhyzkFy4ShNGAnEoqGbmIOEG+y8i5O 3Yyfv6NcEHDoCMnEen7yAvoiGIkVWiw3e25xKNBIun4R0SxjDlJ eyPKmNb1yn1tD77T4Fttf18pvbygjaqa6GZtOscTzMj7HgmGS+s MtnehDqdDWxXGTOyC2TgZ7Gy86Q1DHPskkJghIboGjGQ/QVxStU O61YsFiRAeI490lQyQT0Q/mbqQaq9VZKiNQq7eQGrT6GJFgnwhJ r6rMn0kL0WRZcHbWDeWo3o/oUEUSxLg641GMdNkqGWWakPKCZZs ogTCnKqzavgScYSlMn5raZts8Uj6V+lyOHNtFsokoy5HfKK+m4 ffRfqfuO4TiVahuEQREbpHQsU5xSojwyop+XCQHCNJrroCI0YOD N2s9lPFh2Skrs/UsMSBaXLU+XKcJkbbsuxKERs5bretNmwVsZlj 0/kITaeIyzlu1kzLrBdxJceNSs2ym0VczXHdqdYqdhHXctwqW5Y 6SQFbObba2VPE9Rzbjt00V6obc1ssu+W0s7+1yL25bdCpGo3i0b 0b26aXvojntkHo3ILLN9UNI8OqtYxiI62KM1M3lP5q7h6+mjXZJ ngOXoI9YAALHIIjcAJOAQY/wW/wB/wtvSjZpU+lz9ep62uzmmdg aZQ6/wCDyoAZ</latexit><latexit sha1_base64="wF36 ZVriMyWDxkyD8sC86m7qTGM=">AAAEmnicdZPrbtMwFMe9rcAYt w0+woeIgRgSi5z0klZoaCRtNcSQhtRdpLaqHNfNrDoX2Q6sRHk4 HoMn4Cu8AU7XdG06HEX6+/zOsZ1/fNyIUSEh/LW2vlG6c/fe5v 2tBw8fPX6yvfP0TIQxx+QUhyzkFy4ShNGAnEoqGbmIOEG+y8i5O 3Yyfv6NcEHDoCMnEen7yAvoiGIkVWiw3e25xKNBIun4R0SxjDlJ eyPKmNb1yn1tD77T4Fttf18pvbygjaqa6GZtOscTzMj7HgmGS+s MtnehDqdDWxXGTOyC2TgZ7Gy86Q1DHPskkJghIboGjGQ/QVxStU O61YsFiRAeI490lQyQT0Q/mbqQaq9VZKiNQq7eQGrT6GJFgnwhJ r6rMn0kL0WRZcHbWDeWo3o/oUEUSxLg641GMdNkqGWWakPKCZZs ogTCnKqzavgScYSlMn5raZts8Uj6V+lyOHNtFsokoy5HfKK+m4 ffRfqfuO4TiVahuEQREbpHQsU5xSojwyop+XCQHCNJrroCI0YOD N2s9lPFh2Skrs/UsMSBaXLU+XKcJkbbsuxKERs5bretNmwVsZlj 0/kITaeIyzlu1kzLrBdxJceNSs2ym0VczXHdqdYqdhHXctwqW5Y 6SQFbObba2VPE9Rzbjt00V6obc1ssu+W0s7+1yL25bdCpGo3i0b 0b26aXvojntkHo3ILLN9UNI8OqtYxiI62KM1M3lP5q7h6+mjXZJ ngOXoI9YAALHIIjcAJOAQY/wW/wB/wtvSjZpU+lz9ep62uzmmdg aZQ6/wCDyoAZ</latexit>
,
<latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit>
) is observed.
The real-time (β = 0) tracking performance is shown in
Figure 11. The tracking accuracy for the semi-unifilar graph
asymptotically approaches 100%. The time constant of this
approach can be controlled by varying the probabilities of
transitioning to the
<latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit>
node; the same equal probabilities
used above were used here.
Now consider the addition of an indicator node into
the lower right (
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,
<latexit sha1_base64="wF36 ZVriMyWDxkyD8sC86m7qTGM=">AAAEmnicdZPrbtMwFMe9rcAYt w0+woeIgRgSi5z0klZoaCRtNcSQhtRdpLaqHNfNrDoX2Q6sRHk4 HoMn4Cu8AU7XdG06HEX6+/zOsZ1/fNyIUSEh/LW2vlG6c/fe5v 2tBw8fPX6yvfP0TIQxx+QUhyzkFy4ShNGAnEoqGbmIOEG+y8i5O 3Yyfv6NcEHDoCMnEen7yAvoiGIkVWiw3e25xKNBIun4R0SxjDlJ eyPKmNb1yn1tD77T4Fttf18pvbygjaqa6GZtOscTzMj7HgmGS+s MtnehDqdDWxXGTOyC2TgZ7Gy86Q1DHPskkJghIboGjGQ/QVxStU O61YsFiRAeI490lQyQT0Q/mbqQaq9VZKiNQq7eQGrT6GJFgnwhJ r6rMn0kL0WRZcHbWDeWo3o/oUEUSxLg641GMdNkqGWWakPKCZZs ogTCnKqzavgScYSlMn5raZts8Uj6V+lyOHNtFsokoy5HfKK+m4 ffRfqfuO4TiVahuEQREbpHQsU5xSojwyop+XCQHCNJrroCI0YOD N2s9lPFh2Skrs/UsMSBaXLU+XKcJkbbsuxKERs5bretNmwVsZlj 0/kITaeIyzlu1kzLrBdxJceNSs2ym0VczXHdqdYqdhHXctwqW5Y 6SQFbObba2VPE9Rzbjt00V6obc1ssu+W0s7+1yL25bdCpGo3i0b 0b26aXvojntkHo3ILLN9UNI8OqtYxiI62KM1M3lP5q7h6+mjXZJ ngOXoI9YAALHIIjcAJOAQY/wW/wB/wtvSjZpU+lz9ep62uzmmdg aZQ6/wCDyoAZ</latexit><latexit sha1_base64="wF36 ZVriMyWDxkyD8sC86m7qTGM=">AAAEmnicdZPrbtMwFMe9rcAYt w0+woeIgRgSi5z0klZoaCRtNcSQhtRdpLaqHNfNrDoX2Q6sRHk4 HoMn4Cu8AU7XdG06HEX6+/zOsZ1/fNyIUSEh/LW2vlG6c/fe5v 2tBw8fPX6yvfP0TIQxx+QUhyzkFy4ShNGAnEoqGbmIOEG+y8i5O 3Yyfv6NcEHDoCMnEen7yAvoiGIkVWiw3e25xKNBIun4R0SxjDlJ eyPKmNb1yn1tD77T4Fttf18pvbygjaqa6GZtOscTzMj7HgmGS+s MtnehDqdDWxXGTOyC2TgZ7Gy86Q1DHPskkJghIboGjGQ/QVxStU O61YsFiRAeI490lQyQT0Q/mbqQaq9VZKiNQq7eQGrT6GJFgnwhJ r6rMn0kL0WRZcHbWDeWo3o/oUEUSxLg641GMdNkqGWWakPKCZZs ogTCnKqzavgScYSlMn5raZts8Uj6V+lyOHNtFsokoy5HfKK+m4 ffRfqfuO4TiVahuEQREbpHQsU5xSojwyop+XCQHCNJrroCI0YOD N2s9lPFh2Skrs/UsMSBaXLU+XKcJkbbsuxKERs5bretNmwVsZlj 0/kITaeIyzlu1kzLrBdxJceNSs2ym0VczXHdqdYqdhHXctwqW5Y 6SQFbObba2VPE9Rzbjt00V6obc1ssu+W0s7+1yL25bdCpGo3i0b 0b26aXvojntkHo3ILLN9UNI8OqtYxiI62KM1M3lP5q7h6+mjXZJ ngOXoI9YAALHIIjcAJOAQY/wW/wB/wtvSjZpU+lz9ep62uzmmdg aZQ6/wCDyoAZ</latexit><latexit sha1_base64="wF36 ZVriMyWDxkyD8sC86m7qTGM=">AAAEmnicdZPrbtMwFMe9rcAYt w0+woeIgRgSi5z0klZoaCRtNcSQhtRdpLaqHNfNrDoX2Q6sRHk4 HoMn4Cu8AU7XdG06HEX6+/zOsZ1/fNyIUSEh/LW2vlG6c/fe5v 2tBw8fPX6yvfP0TIQxx+QUhyzkFy4ShNGAnEoqGbmIOEG+y8i5O 3Yyfv6NcEHDoCMnEen7yAvoiGIkVWiw3e25xKNBIun4R0SxjDlJ eyPKmNb1yn1tD77T4Fttf18pvbygjaqa6GZtOscTzMj7HgmGS+s MtnehDqdDWxXGTOyC2TgZ7Gy86Q1DHPskkJghIboGjGQ/QVxStU O61YsFiRAeI490lQyQT0Q/mbqQaq9VZKiNQq7eQGrT6GJFgnwhJ r6rMn0kL0WRZcHbWDeWo3o/oUEUSxLg641GMdNkqGWWakPKCZZs ogTCnKqzavgScYSlMn5raZts8Uj6V+lyOHNtFsokoy5HfKK+m4 ffRfqfuO4TiVahuEQREbpHQsU5xSojwyop+XCQHCNJrroCI0YOD N2s9lPFh2Skrs/UsMSBaXLU+XKcJkbbsuxKERs5bretNmwVsZlj 0/kITaeIyzlu1kzLrBdxJceNSs2ym0VczXHdqdYqdhHXctwqW5Y 6SQFbObba2VPE9Rzbjt00V6obc1ssu+W0s7+1yL25bdCpGo3i0b 0b26aXvojntkHo3ILLN9UNI8OqtYxiI62KM1M3lP5q7h6+mjXZJ ngOXoI9YAALHIIjcAJOAQY/wW/wB/wtvSjZpU+lz9ep62uzmmdg aZQ6/wCDyoAZ</latexit><latexit sha1_base64="wF36 ZVriMyWDxkyD8sC86m7qTGM=">AAAEmnicdZPrbtMwFMe9rcAYt w0+woeIgRgSi5z0klZoaCRtNcSQhtRdpLaqHNfNrDoX2Q6sRHk4 HoMn4Cu8AU7XdG06HEX6+/zOsZ1/fNyIUSEh/LW2vlG6c/fe5v 2tBw8fPX6yvfP0TIQxx+QUhyzkFy4ShNGAnEoqGbmIOEG+y8i5O 3Yyfv6NcEHDoCMnEen7yAvoiGIkVWiw3e25xKNBIun4R0SxjDlJ eyPKmNb1yn1tD77T4Fttf18pvbygjaqa6GZtOscTzMj7HgmGS+s MtnehDqdDWxXGTOyC2TgZ7Gy86Q1DHPskkJghIboGjGQ/QVxStU O61YsFiRAeI490lQyQT0Q/mbqQaq9VZKiNQq7eQGrT6GJFgnwhJ r6rMn0kL0WRZcHbWDeWo3o/oUEUSxLg641GMdNkqGWWakPKCZZs ogTCnKqzavgScYSlMn5raZts8Uj6V+lyOHNtFsokoy5HfKK+m4 ffRfqfuO4TiVahuEQREbpHQsU5xSojwyop+XCQHCNJrroCI0YOD N2s9lPFh2Skrs/UsMSBaXLU+XKcJkbbsuxKERs5bretNmwVsZlj 0/kITaeIyzlu1kzLrBdxJceNSs2ym0VczXHdqdYqdhHXctwqW5Y 6SQFbObba2VPE9Rzbjt00V6obc1ssu+W0s7+1yL25bdCpGo3i0b 0b26aXvojntkHo3ILLN9UNI8OqtYxiI62KM1M3lP5q7h6+mjXZJ ngOXoI9YAALHIIjcAJOAQY/wW/wB/wtvSjZpU+lz9ep62uzmmdg aZQ6/wCDyoAZ</latexit>
) cycle, as shown in Figure 7d. The
modified graph is observable. Consistent with this, 100%
tracking accuracy is obtained after a fixed burn-in period
of two time steps (see Figure 10b). For the equal transition
probabilities used here, this corresponds to approximately
5× faster burn-in compared to the semi-unifilar case.
8Fig. 9: Steady-state (record length γ = 50) tracking accuracy
for the basic (black dashed), trackable (green dot-dash) and
semi-unifilar (purple dotted) graphs. This is essentially a
vertical slice of the data shown in Figure 8. The base graph
starts around 77% accuracy and never improves even for
very long lags. The trackable graph has 100% accuracy for
lags β ≥ 4, but drops to the base 77% level for shorter lags
because of the same-colored out-neighbors of the form (
<latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit><latexit sha1_base64="rA/0 ircWChV+ytVMylokkDV+nbE=">AAAEhXicdZNbb9MwGIa9rbBRD uvgkpuIgtgkqJz0kFZoMJo22sWQhrRuk9qqclw3teocZDuwEuUf 8Wu4Q/BjcLpmW9PhKNKb9/m+2HljOyGjQkL4e2Nzq/Dg4fbOo+ LjJ0+f7Zb2np+LIOKY9HDAAn7pIEEY9UlPUsnIZcgJ8hxGLpyZl fKLb4QLGvhnch6SoYdcn04oRlJZo5I9cIhL/VjS2Y+QYhlxkgwm lDGt78Khtg/fwQMNU44ZUQ8V3ahj7+DDgPjjlZZRqQwrcDG0daE vRRksx+lob+vtYBzgyCO+xAwJ0ddhKIcx4pKquZLiIBIkRHiGXN JX0kceEcN48cGJ9kY5Y20ScHX7Ulu4dzti5Akx9xxV6SE5FXmWm vexfiQnzWFM/TCSxMfXE00ipslAS9PTxpQTLNlcCYQ5VWvV8BRx hKXKuLgyTfryUHpXyaqdpra0UsmowxGfq+/mwXeR/MeveESidS imKCSi4pJAcU6xqkixKoo/HsYnSJKrvsCIkUO9YtSHieJjMlE7Z RFYbMEkPj77cpLEum2a7Voe6xm2bdOG3Tw2MmxYn6Fh5XE1w52G YRrNPK5luFVrmO1OHtcz3LTqjVo7jxsZ7lZNU60kh80Mm3Z65XE zw22r3THWuls3sZjtrmWnf+sud29ig1Zdb+WX7t7Gttj0eXwTG4 TWPbh6293SU6yOlp4/SOvi3KjoSn81ykevl4dsB7wEr8A+0IEJj sAxOAU9gMFP8Av8AX8L24X3hVqhcV26ubHseQFWRuHTPyq8fIo= </latexit>
,
<lat exit s ha1_ba se64="A xRyV4w 2nDNrm Wzmtqdn hgH7lT o=">AAA Ei3icd ZNdb9M wFIa9rc AoDDa4 5CaiID Zpqpz0I y0wNJq 12sWQh rQvqa0m xz3NrD kfsh1Y ifKn+DV wCb8Ep 2u2NR2O Yp28zz mx/dp2 I86kwvj 30vJK6 cHDR6u Py0+erj 17vr7x 4kSGsa BwTEMei jOXSOA sgGPFF IezSADx XQ6n7q WT8dNvI CQLgyM 1iWDoE y9gY0aJ 0tL5+s HABY8F iWKXPyJ GVSwgH YwZ50b fM4fGJt 7GW4YA qkjgcd DfVauxb WT91oc BBKO5wv P1Cq7i aTMWA3 MWVNCsH Z5vrLw bjEIa+ xAoyomU fRNHap gQoRjl kJYHsYS I0EviQ V+HAfF BDpPpsl PjrVZG xjgU+g2 UMVXvV iTEl3L iuzrTJ+ pCFlkm 3sf6sR q3hgkLo lhBQK8 HGsfcU KGReWiM WOYIn+ iAUMH0 XA16QQS hSjtdn hsm+3mk /Kt0Xs 5cm0lZ yJkriJj odYvwu 0z/o1d 9UGQRyg sSgax6 EGouGN UZGdZJy aed5IA ouOpLS jjsmHrb hqnmIx jr8zI1L HFwmuw ffTlIE 7Nn2516 EZs57v XsHu4W sZVjy/m MLaeIa znea1q 21Srieo 7b9abd 2SviRo 5bTqNZ7 xRxM8f dmm3rm RSwnWO7 lz1F3M pxx+nsW QvV7Rt b7E7X6 WW7dZd7 N7Zhp2 G2i1P3 bm2bHvo ivrENY +ceXLu tbpsZ1l fLLF6k xeDEqp o6/mpVd t/MLtk qeoVeo0 1kIhvt on10iI 4RRT/RL /QH/S2 tlWql9 6WP16nL S7Oal2 iulbr/ AMF8fho =</lat exit><lat exit s ha1_ba se64="A xRyV4w 2nDNrm Wzmtqdn hgH7lT o=">AAA Ei3icd ZNdb9M wFIa9rc AoDDa4 5CaiID Zpqpz0I y0wNJq 12sWQh rQvqa0m xz3NrD kfsh1Y ifKn+DV wCb8Ep 2u2NR2O Yp28zz mx/dp2 I86kwvj 30vJK6 cHDR6u Py0+erj 17vr7x 4kSGsa BwTEMei jOXSOA sgGPFF IezSADx XQ6n7q WT8dNvI CQLgyM 1iWDoE y9gY0aJ 0tL5+s HABY8F iWKXPyJ GVSwgH YwZ50b fM4fGJt 7GW4YA qkjgcd DfVauxb WT91oc BBKO5wv P1Cq7i aTMWA3 MWVNCsH Z5vrLw bjEIa+ xAoyomU fRNHap gQoRjl kJYHsYS I0EviQ V+HAfF BDpPpsl PjrVZG xjgU+g2 UMVXvV iTEl3L iuzrTJ+ pCFlkm 3sf6sR q3hgkLo lhBQK8 HGsfcU KGReWiM WOYIn+ iAUMH0 XA16QQS hSjtdn hsm+3mk /Kt0Xs 5cm0lZ yJkriJj odYvwu 0z/o1d 9UGQRyg sSgax6 EGouGN UZGdZJy aed5IA ouOpLS jjsmHrb hqnmIx jr8zI1L HFwmuw ffTlIE 7Nn2516 EZs57v XsHu4W sZVjy/m MLaeIa znea1q 21Srieo 7b9abd 2SviRo 5bTqNZ7 xRxM8f dmm3rm RSwnWO7 lz1F3M pxx+nsW QvV7Rt b7E7X6 WW7dZd7 N7Zhp2 G2i1P3 bm2bHvo ivrENY +ceXLu tbpsZ1l fLLF6k xeDEqp o6/mpVd t/MLtk qeoVeo0 1kIhvt on10iI 4RRT/RL /QH/S2 tlWql9 6WP16nL S7Oal2 iulbr/ AMF8fho =</lat exit><lat exit s ha1_ba se64="A xRyV4w 2nDNrm Wzmtqdn hgH7lT o=">AAA Ei3icd ZNdb9M wFIa9rc AoDDa4 5CaiID Zpqpz0I y0wNJq 12sWQh rQvqa0m xz3NrD kfsh1Y ifKn+DV wCb8Ep 2u2NR2O Yp28zz mx/dp2 I86kwvj 30vJK6 cHDR6u Py0+erj 17vr7x 4kSGsa BwTEMei jOXSOA sgGPFF IezSADx XQ6n7q WT8dNvI CQLgyM 1iWDoE y9gY0aJ 0tL5+s HABY8F iWKXPyJ GVSwgH YwZ50b fM4fGJt 7GW4YA qkjgcd DfVauxb WT91oc BBKO5wv P1Cq7i aTMWA3 MWVNCsH Z5vrLw bjEIa+ xAoyomU fRNHap gQoRjl kJYHsYS I0EviQ V+HAfF BDpPpsl PjrVZG xjgU+g2 UMVXvV iTEl3L iuzrTJ+ pCFlkm 3sf6sR q3hgkLo lhBQK8 HGsfcU KGReWiM WOYIn+ iAUMH0 XA16QQS hSjtdn hsm+3mk /Kt0Xs 5cm0lZ yJkriJj odYvwu 0z/o1d 9UGQRyg sSgax6 EGouGN UZGdZJy aed5IA ouOpLS jjsmHrb hqnmIx jr8zI1L HFwmuw ffTlIE 7Nn2516 EZs57v XsHu4W sZVjy/m MLaeIa znea1q 21Srieo 7b9abd 2SviRo 5bTqNZ7 xRxM8f dmm3rm RSwnWO7 lz1F3M pxx+nsW QvV7Rt b7E7X6 WW7dZd7 N7Zhp2 G2i1P3 bm2bHvo ivrENY +ceXLu tbpsZ1l fLLF6k xeDEqp o6/mpVd t/MLtk qeoVeo0 1kIhvt on10iI 4RRT/RL /QH/S2 tlWql9 6WP16nL S7Oal2 iulbr/ AMF8fho =</lat exit><lat exit s ha1_ba se64="A xRyV4w 2nDNrm Wzmtqdn hgH7lT o=">AAA Ei3icd ZNdb9M wFIa9rc AoDDa4 5CaiID Zpqpz0I y0wNJq 12sWQh rQvqa0m xz3NrD kfsh1Y ifKn+DV wCb8Ep 2u2NR2O Yp28zz mx/dp2 I86kwvj 30vJK6 cHDR6u Py0+erj 17vr7x 4kSGsa BwTEMei jOXSOA sgGPFF IezSADx XQ6n7q WT8dNvI CQLgyM 1iWDoE y9gY0aJ 0tL5+s HABY8F iWKXPyJ GVSwgH YwZ50b fM4fGJt 7GW4YA qkjgcd DfVauxb WT91oc BBKO5wv P1Cq7i aTMWA3 MWVNCsH Z5vrLw bjEIa+ xAoyomU fRNHap gQoRjl kJYHsYS I0EviQ V+HAfF BDpPpsl PjrVZG xjgU+g2 UMVXvV iTEl3L iuzrTJ+ pCFlkm 3sf6sR q3hgkLo lhBQK8 HGsfcU KGReWiM WOYIn+ iAUMH0 XA16QQS hSjtdn hsm+3mk /Kt0Xs 5cm0lZ yJkriJj odYvwu 0z/o1d 9UGQRyg sSgax6 EGouGN UZGdZJy aed5IA ouOpLS jjsmHrb hqnmIx jr8zI1L HFwmuw ffTlIE 7Nn2516 EZs57v XsHu4W sZVjy/m MLaeIa znea1q 21Srieo 7b9abd 2SviRo 5bTqNZ7 xRxM8f dmm3rm RSwnWO7 lz1F3M pxx+nsW QvV7Rt b7E7X6 WW7dZd7 N7Zhp2 G2i1P3 bm2bHvo ivrENY +ceXLu tbpsZ1l fLLF6k xeDEqp o6/mpVd t/MLtk qeoVeo0 1kIhvt on10iI 4RRT/RL /QH/S2 tlWql9 6WP16nL S7Oal2 iulbr/ AMF8fho =</lat exit>
). The semi-unifilar graph has 100% accuracy for the lags
shown, including real-time tracking (β = 0).
Fig. 10: Accuracy α = P (Xˆt−β = Xt−β) as a function of
lag β and record length γ for the (a) semi-unifilar and (b)
observable graphs when observations start while the agent
is at either a
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node. The white regions correspond
to β ≥ γ, for which the behavior is undefined.
6 CONCLUSIONS AND FUTURE WORK
This paper has presented a new pathology-based taxonomy
of colored graph observability classes which unifies the
results of [5], [3], [6] into a common framework. The three
colored graph pathologies identified provide an intuitive
picture of the differences between the various observabil-
ity classes, and the expanded concept of (α, β, γ)-currency
provides a principled way of reasoning about the effects
of the various pathologies. Numerical experiments have
shown the ability to change the observability class of a
graph through the addition of indicator nodes, providing
a more complete view of this topic than the initial exper-
imental results in [1]. The formulation of the taxonomy
has intentionally avoided questions of transition/emission
Fig. 11: Real-time (lag β = 0) tracking accuracy for the
semi-unifilar (dotted purple) and observable (dashed blue)
graphs. This is essentially a horizontal slice of the data
shown in Figure 10. The semi-unifilar graph asymptotically
approaches 100% accuracy, while the observable graph ob-
tains 100% accuracy for γ > 2.
probabilities and initial state distributions so that the results
are as general as possible, and hence can be applied to
any situation where a hidden state sequence is to be recon-
structed from noisy/potentially ambiguous observations.
In terms of possible future research directions, consider
the following observations. There is a large well-known lit-
erature on problems of graph colorability. Loosely speaking,
those problems ask how many colors are required to color
nodes in a graph so that no two adjacent nodes have the
same color [12]. The classic problem in this area is of course
the four color problem for planar graphs.
The “chromatic number” of a graph is the smallest
number of colors that make the graph colorable in the
above sense. Determining the chromatic number is known
to be NP-complete, therefore the most efficient algorithms
currently known are of exponential complexity [13].
By analogy, we can imagine defining a “p-observability
number” of a directed graph as being the smallest num-
ber of colors required to make the graph have the p-
observability property, where such a p-observability prop-
erty is one of the observability properties discussed in this
paper. Moreover, just as the chromatic polynomial, PG(k),
is a polynomial with the property that the number of legal
classical colorings of graph G using k colors is precisely
PG(k) (so that the chromatic number of G is the smallest
k for which PG(k) > 0), we imagine there might be a
“p-observability polynomial” with the similar property for
the “p-observability” of a graph. Such a “p-observability
polynomial” would inform us about how difficult or easy
realizing the “p-observability property” would be for a
specific graph.
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